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ABSTRACT
The structural behavior of high strength cold-formed steel beams
subjected primarily to web crippling was investigated analytically and
experimentally. In this study hat sections and I-beams, formed from five
different types of high strength sheet steels commonly used in the
automobile industry, were investigated under various loading conditions.
The yield strengths of these sheet steels vary from 58 to 165 ksi.
In addition to the test data gathered in this phase of study, the
experimental results obtained from the beam tests conducted at Inland
Steel Company and Ford Motor Company were carefully evaluated. The
evaluation indicated that the present available design criteria are not
suitable for high strength materials with yield strengths exceeding 80
ksi.
Following the analytical and experimental studies, new design
formulas were derived for different types of loading conditions on the
basis of available test data with material yield strengths ranging from
30 to 165 ksi. These empirical equations distinguish between web
crippling failure caused by overstressing (bearing failure) and web
buckling. Interaction formulas were derived for sections with single
unreinforced webs' and I-beams under combined web crippling and bending
moment.
Additional tests were also performed for the transition ranges
between the basic loading conditions. These test data were used to
verify the newly proposed design equations which can eliminate the
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In recent years, automotive engineers have altered the design
philosophy for safer and more fuel economy vehicles. High strength
steels have been widely used in automotive structural components to
achieve weight reduction while complying with federal safety standards.
The substitution of'relatively new high strength steels for traditional
materials of low to moderate strengths can provide substantial weight
. . t . t 1,2 H th' 1 1" dsav~ngs at compet~ ~ve cos s. owever, ere 1.S on y a ~m1.te amount
of information to assist the designers for the design and use of such
high strength sheet steels.
The current design recommendation, "Guide for Preliminary Design of
,,3 b h AmAutomotive Structural Components was issued y t e erican Iron and
Steel Institute (AISI) in February, 1981. It was recommended for an
application to materials with yield strength up to 80 ksi. These design
expressions are based primarily on the 1968 Edition of the AISI
,,4
"Specification for the Design of Cold-Formed Steel Structural Members
which was written for the design of buildings.
The AISI Specification was revised in 19805 and in 1986. 6 Some of
the design criteria were revised and others were added in keeping with
technical developments and the results of continued research programs
sponsored by the American Iron and Steel Institute. Furthermore, in view
of the fact that many types of high strength steels with yield strengths
from 80 to 190 ksi7- 13 are now used for automotive structural components,
a comprehensive design guide is highly desirable.
:2
a research project entitled "Design of Automotive
h Sh t Stee ls" has beenUsing High Strengt ee
Since early 1982,
Structural Components
R 11 d r the sponsorship ofconducted at the University of Missouri- 0 a un e
the American Iron and Steel Institute. The main purpose of the overall
to determine the characteristics of high strengthpro j ect has been
automotive sheet steels and to develop additional design criteria for the
use of a broader range of high strength steels in automotive
structures. 14 Web crippling and a combination of web crippling and
bending moment are two areas that have been studied as a part of this
. 15-17
research proJect.
B. PURPOSE OF INVESTIGATION
The main purpose of this portion of the investigation was to study
the structural behavior of high strength cold-formed steel beams
subjected primarily to web crippling and a combination of web crippling
and bending moment. It was intended to use the research findings for a
possible development of new and/or modified design criteria and to extend
the use of materials having yield strengths exceeding the limitations
presently included in the AISI Guide3 and Specification. 6
This study was also extended to develop the transition equations
between the four basic loading conditions for web crippling.
C. SCOPE OF INVESTIGATION
This study consisted primarily of experimental investigations of
the structural behavior of high strength cold-formed steel beam webS
subjected to web crippling and a combination of web crippling and bending
moment. The beam webs considered in this investigation are unreinforced
Section II
3
elements without any transverse stiffeners. Test specimens included hat
sections with single webs and I·beams having high degree of restraint
against rotation of the webs. It was assumed that the information
obtained from the tests of hat sections can also be used for channels, Z·
sections, rectangular tubes and similar shapes.
As the first step of investigation, the available research reports
and technical publications relative to the behavior of web elements
subjected to edge loading have been studied in detail.
contains a summary of such literature survey.
The experimental study of beam webs subjected primarily to web
crippling and a combination of web crippling and bending moment is
discussed in Section III. Details of test specimens, test procedures,
and test results are given in this section.
In Section IV, the results of tests conducted in this phase of
investigation are evaluated by comparing the tested failure loads to the
predicted ultimate web crippling loads calculated on the basis of the
present AISI design procedures. Evaluations of test data obtained from
Inland Steel Company and Ford Motor Company are also included.
Section V presents the analytical investigation of web crippling of
cold-formed steel beams. The ultimate web crippling loads of sections
with single unreinforced webs are predicted by using an available finite
element computer program.
The development of empirical expressions to predict the ultimate
web crippling loads for various cases is discussed in Section VI. The
interaction equations for combined bending and web crippling for
sections with single webs and I·bearns are derived. Also included in this
section is an introduction of a new concept for the prediction of
4ultimate web crippling loads and combined bending and web crippling in
the form of design recommendations. Finally, the research findings are
summarized in Section VII.
5II. REVIEW OF LITERATURE
A. GENERAL
In the initial phase of this investigation, numerous publications
and research reports have been carefully studied. They are related to
previous analytical and experimental studies of the strength of web
plates subjected primarily to web crippling and a combination of web
crippling and bending moment. In addition, the present available design
criteria being used in different specifications for preventing web
crippling were also reviewed in detail.
B. ANALYTICAL STUDY
The theoretical background for the problem of web crippling has been
carefully studied. Even though web and flange of the section are
interactive, it is useful to consider the behavior of idealized separate
rectangular flat plates subjected to locally distributed in-plane edge
forces. This subject has been studied by numerous investigators and is
summarized as follows:
1. Two Opposite Uniformly Distributed Loads:
The critical buckling stress of a simply supported plate subjected
to two opposite uniformly distributed loads as shown in Fig. 2.1a can be
determined by solving Bryan's differential equation based on small



















(b) Plate Buckling Coefficient, k
Fig. 2.1 Simply Supported Plate Subjected to Uniformly
Distributed Load18
E = modulus of elasticity
~ = Poisson's ratio
t = thickness of plate
w = deflection of plate perpendicular to surface
P = total uniform load
By considering the deflected shape of the plate to be half sine
waves in both directions, the deflection of the plate perpendicular to
the surface may be determined from
= AOsin(vx/h)sin(vy/L). (2.2)
Solving Eq. (2.1) by using Eq. (2.2), one can obtain an equation for
18




where P = elastic buckling load
cr
k = ((L2+h2)/L2)2
The values of buckling coefficient, k, is shown in Fig. 2. Ib for
different L/h ratios. It should be noted that for the case of square
plate (L/h = 1), the value of k equals 4.
2. Two Opposite Concentrated Loads:
. 19,20According to T~moshenko and other researchers, the elastic
critical load of a simply supported rectangular plate subjected to two
equal and oppos i te concentrated loads, as shown in Fig. 2. 2a, can be





















(b) Plate Buckling Coefficient, k




where P =elastic buckling load
cr
k = buckling coefficient.
9
(2.4)
The above equation was developed by using the strain energy approach.
Because the buckling coefficient, k, varies with the aspect ratio, L/h,
Yamaki20 studied the variation of k with L/h and summarized the results
as shown in Fig. 2.2b. In this figure, m represents the number of half
sine waves in the longitudinal direction along the beam length.
3. Two Opposite Partially Distributed Loads:
The problem of a simply supported plate subjected to two opposite
partially distributed loads as shown in Fig. 2.3a was analyzed in 1972 by
Khan and Walker. 21,22 B' . 1 . t d 'b thY uSJ.ng a sJ.mp e expressJ.on 0 escrJ. e e
buckled shape together with an assumed solution of the stress




where P = elastic critical buckling load
cr
k = buckling coefficient depending on the ratios L/h and N/h
N = bearing length of the applied load.
Figure 2.3b gives the value of buckling coefficient, k, as the
function of L/h ratio for two different ratios of Nih.
4. Partial Load on One Edge:
In 1936, Girkmann23 was the first to study the problem of buckling
of a simply supported plate subjected to a single edge load but the



















(b) Plate Buckling Coefficient, k
Fig. 2.3 Simply Supported Plate Subjected to Two Opposite
Partially Distributed Load21 ,22
In 1955, Zetlin24 studied further on this subject.
11
He assumed that
the rectangular plate was simply supported along all four edges and the
applied load was distributed symmetrically about the mid-span section
along one of the longitudinal edges as shown in Fig. 2.4a.
to Fig. 2. 4a was that the plate was supported at both ends by shear
stresses which were parabolically distributed along the tranverse edges
of the plate instead of the reaction shown. He used Raleigh-Ritz energy
method to show that
p
cr = (2.6)
where P = elastic buckling load
cr
k = buckling coefficient depending on the ratios hlL and NIL.
Zetlin gave the values of buckling coefficient, k, in graphical form
as shown in Fig. 2.4b. This solution does not deal with the plate
supported at its corners. However, if the plate is sufficiently long he
claimed that his results could be used.
In 1962, White and Cottingham25 used the finite difference method to
examine the buckling of a web-plate with partial loading and end
reactions that support a substantial length of the pl.ate. For each
loading case, they provided curves giving the relationship between the
buckling coefficient and aspect ratio. It should be noted that the
plates studied by these two investigators are relatively short with Llh
ratio from 1/3 to 3.
In 1972, Khan and Walker21 ,22 also studied the buckling problem of
plates with the same configuration assumed by Zetlin &S shown in Fig.
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(b) Plate Buckling Coefficient, k
Fig. 2.4 Simply Supported Plate Subjected to Partial
Edge Loading24
13
with an approximate deflected shape of the plate, they showed that the




where P = elastic buckling load
cr
k = buckling coefficient depending on the ratios of Nih and L/h.
Figure 2.5a gives the values of buckling coefficient, k, as a
function of L/h for different Nih ratios.
During the period from 1975 to 1977, Khan, Johns and Hayman26
performed the parametric study concerning the buckling of partially
loaded plates (Fig. 2.4a) by reducing some degree of mathematical
complexity. They used a method suggested by Alfutov and Balabukn,27 in
which the stress distribution needs to be satisfied only for the
equilibrium condition. Thus, the stress field does not need to
correspond to the strains that satisfy compatibility. The purpose of the
study was to determine the prebuckling stress distribution throughout
the plate and to use it in the buckling calculation. Graphical results
of buckling coefficient, k, were presented for Eq. (2.7) as shown in Fig.
2.5b.
For beams having webs connected to flanges, the theoretical
analysis of web crippling is extremely complicated because it involves
the following factors: 28
1) nonuniform stress distribution under the applied load;
2) elastic and inelastic instability of the web element;
3) local yielding in the immediate region of load application;
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Fig. 2.5 Buckling Coefficient for Simply Supported Plate
Subjected to Partial Edge Loading21 ,22,26
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bearing flange at a distance beyond the curved transition of
the web;
5) initial out-of-plane imperfection of plate elements;
6) various edge restraints provided by beam flanges and
interaction between flange and web elements.
Mathematical difficulties arising from the nature of complex stress
field associated with this problem prohibit an exact solution. Many
researchers have attempted to use the numerical approximation methods
such as. finite element and finite strip to predict the ultimate web
crippling load. During 1968 to 1972, the buckling problem of plate
girder webs subjected to partial edge loading was studied by Rockey,
29-3'Bagchi and El-gaaly. -
In 1968, Rockey and Bagchi29 used the finite element technique to
find the elastic buckling load of plate girder webs with transverse
stiffeners subjected to partial edge loading. The flange was modeled by
beam-elements haVing flexural and torsional properties while plate-
elements were used for the web plate. The critical load was determined
by using the concept that the second partial derivative of the total
energy expression with respect to the nodal displacements is zero at the
point of instability.
Later in 1972, Rockey, El-gaaly and Bagchi combined the problem of
shear loading and in-plane bending moment to the problem of buckling of
web plate under patch loading supported at both ends by shear forces.
They found that the presence of either the additional in-plane moment or
shear would reduce the critical buckling load.
The finite strip method is an alternative to the finite element
method. The latter is relatively expensive especially for the localized
16
b '1' h' h requl'res large numbers of small elements.problem as we crlpp lng w lC
However, the finite strip method is restricted only to simple loading
cases due to its nature of formulation. In 1978, Graves Smith and
Sridharan33 developed a fini'te s'trip computer program to predic't the
elastic buckling load of plate structures under arbitrary edge loading.
They gave the examples of a web plate under partial edge loading and a
box girder under partial web loading (Fig. 2.6). The results show that
the elstic buckling load of the latter case is about 50% higher than the
case of simulated square plate with all four sides simply supported.
This indicates the stiffening effect of the flanges.
The geometric nonlinear analysis of prismatic thin-walled members
using the finite strip method was presented by Gierlinski and Graves
Smith34 in 1984. The theory was based on the moderately large
displacement assumption and can be applied in particular to problems
containing load maxima.
Recently, Lee, Harris , 35and Hsu developed a nonlinear finite
element computer program to analyze thin-walled structural members. The
program has the capability of handling both geometric and material
nonlinearities so that the pos~ buckling behavior and ultimate strength
of members can be predicted. In this study, Marguerre's shallow shell
theory was adopted for the strain-displacement relationships. A
bending-membrane element with six degrees of freedom at each node forms
the type of element used in this program. They suggested that the finite
element program of this type may be able to handle the problem of web
crippling of cold-formed steel beams.






Fig. 2.6 Web Plate under Partial Edge Loading and Box




d~ff1'culties encountered in a solution forDue to the mathematical •
h t d Sl' gn criteria are based on theweb crippling load, t e curren e
experimental study of various shapes of cold-formed steel members.
In 1935, Lyse and Godfrey36 performed the experimental s~udy on web
crippling strength of hot-rolled I -beams. They reported that the maximum
bearing stress in the web under the concentrated load can be computed by:
f = R/(t(N + 2k))
P
(2.8)
where f = Bearing stressp
R = Applied load
k =Distance from outer face of the flange to web toe of fillet
of the rolled section
Equation (2.8) is now being used by AISC in the specification for
the design of hot-rolled beams and welded plate girders. 37
During the 19405 and 1950s, experimental work on web crippling of
cold-formed steel beams was investigated at Cornell University by
l.f • p . d Z 1 . 24, 38 -40
"lnter. ~an an et ~n. In the first phase of that study, I-
beams, which provide a high degree of restraint against rotation, were
tested under various loading conditions. The test results showed that
the ultimate web crippling loads of I-beams depend primarily on the ratio
Nit and the yield strength of material, F .
Y
In the second phase of their investigation, cold-formed steel beams
haVing single unreinforced webs (such as hat sections, channels, Z-
sections and rectangular tubes) were studied. It was found that the
ratios Nit, R/t, hit and the yield strength, F , are the main parameters
y
that control the ultimate web crippling loads for these types of
sections.
19
Empirical expressions were derived on the basis of the Cornell
research findings for predicting the ultimate web crippling loads for
each type of sections. These formulas were used as a basis for the
design cri~eria in early editions of the AISI Specification4 and the 1981
Guide. 3
The provisions of the 1980 and 1986 Editions of the AISI
S 'f' ,5,6 f h dpec~ ~cat~on or t e esign of cold-formed steel beam webs subjected
to web crippling were modified from the 1968 Edition. The modifications
were based on the original Cornell study and the additional research work
41
conducted by Hetrakul and Yu at the University of Missouri-Rolla. The
classification of loading conditions is based on the values of Z and e
(Fig. 2.7), where Z is the distance between the edge of the bearing plate
of a reaction or a concentrated load and the free end of the beam, and e
is the distance between the edges of the adjacent opposite bearing plates
of concentrated loads or reactions.
The following four loading conditions are classified in the 1980 and
1986 Ed ., . 42,43itions of the AISI Spec~f~cat~on:
1. Interior one-flange loading (IOF): Z ~ 1.5h and e ~ 1.5h
2. End one-flange loading (EOF): Z < 1.5h and e ~ 1.5h
3. Interior two-flange loading (ITF): Z ~ 1.5h and e < 1.5h
4. End two-flange loading (ETF): Z < 1.5h and e < 1.5h
The classification of these four loading conditions is illustrated
in Fig. 2.7. According to the above four loading conditions, there is a
discontinuity between different equations when the value of Z/h or elh is
1.5. In 1984, Lin44 conducted an experimental investigation to study
this problem by disregarding the clearance limit of l.Sh. It was found
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Fig. 2.7 Classification of Loading Conditions for Web Crippling in
the 1980 and 1986 Editions of the AISI Specifications
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type of web crippling failure. He noted that some of the specimens
failed by buckling in the webs and developed the equations to predict the
ultimate loads for this type of failure.
In 1969, Rockey, El-gaaly and Bagchi31 conducted a series of tests
to obtain an empirical relationship between the ultimate load capacity of
a panel and its buckling load. The post-buckling strength represented by
the ratio of P IP was evaluated. The relationship between P IP ,NIL
u cr u cr
and hit was found to be:
Pu/P
cr
= (4.5 + 6.4(N/L)) (h/t)x10-3 (2.9)
In the above equation, P is the theoretical elastic buckling load and
cr
P is the tested ultimate load.
u
45In Sweden, Baehre has performed some experiments on hat sections
with trapezoidal profiled sheets. He concluded that for the reaction of
interior support or concentrated load located anywhere on the span
provided that the reaction or load is at least a distance of 1.5h from
the end of the member, the ultimate load can be computed by
1.8F t 2(2.8-(F 150))(1-0.1 JR/t)(1+0.01(N/t))
y y
(2.4+(0/90))2 (2.10)
In Eq. (2.10), 0 is the angle between the plane of web and the plane of
bearing surface, in degrees. It was noticed by Baehre that the depth to
thickness ratio, hit, has little or no effect on the ultimate web
crippling load for this group of specimens. He also found that when the
ratio of the applied moment to the ultimate moment capacity of the
section was less than 0.3, the bending moment had little or no effect on
the ultimate web crippling load.
Equation (2.10) was modified to make it applicable
46
. recommended by the 1978 Swedish Code:sectlons, as
to aluminum
= 1.8t2 ~y(I-0.1 VR/t)(1+0.01(N/t))
(2.4+(0/90))2, (2.11)
, 7
In the current European Recommendations (ECCS-1983)"+- , the N/t
function in Eq. (2.12) was modified and the new eqution becomes
= 0.15t
2 JEF (l-0.11!R/t)(O.5+ ,f0.002(N/t))y
(2.4+(0/90))2 (2.12)
In 1981, Wing and 48 1Schuster performed an experimenta
investigation on the problem of web crippling of cold-formed steel decks
haVing multi-webs. They derived some empirical equations based on their
research findings by using the similar form of equations as used in the
1980 AISI Specification but the constants are slightly different.
All of the previously mentioned experimental studies were conducted
on sections using yield strengths in the range from 30 to 55 ksi. In
1982, Levy10 f d . f fl 1 "thper orme a serles 0 exura tests of hat sectlons Wl
material yield strengths up to 190 ksi. The results of tests were
9
evaluated by Errera It was found that the design criteria for web
crippling included in the AlSI Guide and the 1980 Edition of the
Specification are not applicable to those sections formed from very high
strength materials.
D. CURRENT DESIGN CRITERIA
As discussed earlier, the theoretical analysis of web crippling is
extremely complicated. The equations presently used in varioUS
23
specifications to predict the web crippling loads of cold-formed steel
beams are empirical expressions. The existing design standards used in
the United States and some other countries are reviewed as follows:
1. United States:
As stated in Section I, the 1981 Guide is based primarily on the
1968 Edition of the AISI Specification. The 1980 and 1986 Editions of
the AISI Specification include the same requirements for preventing web
crippling. The following reviews of the AISI 1981 Guide and the 1980 and
1986 Specification are based on the ultimate web crippling strengths
without applying any factor of safety:
a. AISI 1981 Guide for Preliminary Design of Sheet Steel
Automotive Structural Components: 3 According to Section 3.4.7
of the 1981 Guide, the ultimate strength of unreinforced beam webs
subjected to concentrated loads or reactions can be estimated as follows:
(1) Beams Having Single Unreinforced Webs: The following design
equations apply to sections with inside corner radii up to 4t:
For end reactions or for concentrated loads on outer ends of
cantilevers:
p = t Z(Z.13-0.Z8CR/t))C98+4.20(N/t)-0.OZZCN/t)(h/t)-0.Oll(hit))
u
(1.33-0.33CFy/33))(Fy/33) (2.13)
For reactions of interior supports or for concentrated loads
located on the span:





For I-beams or sections which provide a high degree of
restraint against rotation of the webs:
For end reactions or for concentrated loads' on outer ends of
cantilevers:
p = t 2F (10+1. 25 JN/t)
u y
(2.15)
For reactions of interior supports or for concentrated loads
located on the span:
P = t 2F (15+3.25 .,jN/t)
u y
In the above formulas,
P =ultimate capacity against crippling for one solid web
u
connecting top and bottom flanges, kips
t =web thickness, in.
(2.16)
N = actual length of bearing or "h", whichever is smaller, in.
h =distance between flanges, in.
R = Inside bend radius, in.
In addition, according to Addendum No. 2 of the 1968 Specification,
the following interaction equation may be used to calculate the ultimate
load to prevent fai~ures caused by the combination of bending and web
crippling:
(PIP) + (M/M) ~ 1.3
c u
where P =concentrated load or reaction, kips
(2.17)
Pc = ultimate web crippling load in the absence of bending moment,
kips
25
M= applied bending moment at or immediately adjacent to the point
of application of the concentrated load or reaction, kip-in.
Mu =ultimate bending moment if a bending moment only exists,
kip-in.
It should be noted that there was no design expression for the
interaction of bending and web crippling for I -beams in the 1968
Specification.
b. AISI 1980 and 1986 Specification for the Design of Cold-Formed
. 5 6Steel Structural Members:' According to Section 3.5.1 of the
1980 Specification and Section C3. 4 of the 1986 Specification, the
ultimate strength for web crippling of unreinforced flat webs of flexural
members can be determined by the formulas given below. These formulas
apply to beams when R/t ~ 6 and to decks when R/t ~ 7, Nit ~ 210, and Nih
~ 3.5.
(1) Beams Having Single Unreinforced Webs: The following design
equations apply to sections with single unreinforced webs:
At locations of one concentrated load or reaction acting either on
the top or bottom flange, when the clear distance between the bearing
edges of this and adjacent opposite concentrated loads or reactions is
greater than 1.5h, the ultimate web crippling load is determined by using
Eqs. (2. 18) ~ (2. 19). or (2.20).
For reactions or for concentrated loads on outer ends of cantilevers





1 85t2 CF /33)C1.33-0.33CF j33))C1.15-0.1SCR/t))







1.85t2 CF /33)Cl.33-0.33CFy/33))Cl.lS-O.lS(R/t))y 2
C117_0.1SCh/t))Cl+O.01CN/t))CO.7+0.3C0/90) ) C2.19)
When N/t > 60, the factor (1+0.01CN/t)) in Eq. C2.19) may be increased to
(0.71+0.01SCN/t)).
For reactions of interior supports or for concentrated loads when
the distance from the edge of bearing to the end of the beam is equal to
or larger than 1.5h ClOF):
p = 1.85t2CF /33)C1.22-0.22CF /33»)(1.06-0.06CR/t)
c y Y
C291-0.40Ch/t))C1+0.007CN/t))CO.7+0.3C0/90)2) C2.20)
When Nit ~ 60, the factor C1+0.007CN/t) in Eq. C2.20) may be increased
to (O.75+0.011(N/t)).
At locations of two opposite concentrated loads or of a concentrated
load and an opposite reaction acting simultaneously on the top and bottom
flanges, when the clear distance between their adjacent bearing edges is
equal to or less than 1.5h. the ultimate web crippling load is determined
by using Eq. C2.21) or (2.22).
For reactions or for concentrated loads on outer ends of cantilevers
when the distance from the edge of bearing to the end of the beam is lesS
than 1. 5h CEIT):
P =
c





For reactions of interior supports or for concentrated loads when
the distance from the edge of bearing to the end of the beam is equal to
or larger than 1.5h (ITF):
Pc = 1.85t2 CFy/33)(1.22-0.22(Fy/33))(1.06-0.06(R/t))
(471-1.22Ch/t))(1+0.0013(N/t))(0.7+0.3(0/90)2) (2.22)
(2) I-Beams: For I-beams made of two channels connected back to
back or for similar sections which provide a high degree of restraint
against rotation of the web, such as I-sections made by welding two
angles to channels:
At locations of one concentrated load or reaction acting either on
the top or bottom flange, when the clear distance between the bearing
edges of this and adjacent opposite concentrated loads or reactions is
greater than 1.5h, the ultimate web crippling load is determined by using
Eq. (2.23) or (2.24).
For reactions or for concentrated loads on outer ends of cantilevers
when the distance from the edge of bearing to the end of the beam is less
than 1.5h (EOF):
P = 2.0t2F (1+(h/t)/7S0)(S:O+O.63 ~N/t)
c y (2.23)
When hit > 150, a constant value of 1.20 should be used for the factor
(1+(h/t)/750) in Eq. (2.23).
For reactions of interior supports or for concentrated loads when
the distance from the edge of bearing to the end of the beam is equal to
or larger than 1.5h (lOF):





The factor (1.49-0.53CF /33» in Eq. (2.24) should not be less than 0.6.
y
At locations of two opposite concentrated loads or of a concentrated
load and an opposite reaction acting simultaneously on the top and bottom
flanges, when the clear distance between their adjacent bearing edges is
equal to or less than 1. Sh, the ultimate web crippling load is determined
by using Eq. (2.25) or (2.26).
For reactions or for concentrated loads on outer ends of cantilevers
when the distance from the edge of bearing to the end of the beam is lesS
than 1.5h (ETF):
P = 2.0t2r «0.98-(h/t)/865)/(F /33»(0.64+0.31(t/0.075»
c y Y
(5.0+0.63 VN/t) (2.25)
For reactions of interior supports or for concentrated loads when
the distance from the edge of bearing to the end of the beam is equal to




(7 .S+1.63 -VN/t) C2.26)
The factor (Cl.lO-(h/t)/665) in Eq. (2.26) should not be greater than 1.
(3) Combined Bending and Web Crippling: Section 3.5.2 of the 1980
Specification and Section C3.5 of the 1986 Specification provide design
reqUirements for unreinforced flat webs of shapes subjected to a
combination of bending and reaction or concentrated load for allowable
stress design. The following reqUirements should be used for ultimate
strength approach:
29
F Sh h · . 1 . b 28 , 47or apes av~ng s ~ng e we s:
1.07(P/P ) + (M/M) < 1.42.
c u (2.27)
Fot: I -beams or similar sections which provide a high degree of
. 28 47
restraint against rotat~on of the web: '
0.82(P/P ) + (M/M) < 1.32
c u
In the above formulas,
P = concentrated load or reactio~, kips
(2.28)
P = ultimate web crippling load in the absence of bending moment,
c
kips
M = applied bending moment at or immediately adjacent to the point
of application of the concentrated load or reaction, kip-in.
M = ultimate bending moment if bending moment only exists. kip-in.
u
It should be noted that the methods for calculating bending moment
of the web in the 1980 and the 1986 Specifications are different. In the
1980 Specification, the limited maximum bending stress approach is used
while the effective web depth approach is used in the 1986 Specification.
In addition, the definitions of "h" are different in these two editions
of the AISI Specification.
2. Canada:
The present Canadian Standard, "Cold Formed Steel Structural
Members" (CAN3-S136-M84),49 is written in the form of limit states with
SI units. In this review, all equations are converted to the form of
ultimate capacity with U. S. customary units for the convenience of
comparison.
30
The provisions for the design of cold-formed steel beams subjected
to web crippling in this Standard are classified by three types of cross
sections as follows:
1) I -beams
2) Shapes having single webs (channels and Z-sections, etc.)
3) Deck sections having multi -webs
The design equations used for the first two categories (a and b) are the
same as those included in the 1980 and 1986 editions of the AlSI
Specification. However, for deck sections having multi-webs, the
Canadian Standard uses different design criteria to determine the
ultimate web crippling load.
49
According to Section 6.4.7 of the present Canadian Standard, the
ultimate web crippling loads of deck sections when R/t ~ 10, N/t ~ 200,
and N/h $ 2 can be determined as follows:
At locations of one concentrated load or reaction acting either on
the top or bottom flange, when the clear distance between the bearing
edges of this and adjacent opposite concentrated loads or reactions is
greater than I.Sh
For reactions or for concentrated loads on outer ends of cantilevers
when the distance from the edge of bearing to the end of the beam is less
than 1.5h (EOF):
p =
c "10t Fy(sin 0H 1-0.1 (F/33))( 1-0.1 "JR/t)
(1+.00S(N/t)(1-.002(h/t») (2.29)
For reactions of interior supports or for concentrated loads when
the distance from the edge of bearing to the end of the beam is equal to
or larger than 1.Sb (IOF):
p =
c




At locations of two opposite concentrated loads or of a concentrated
load and an opposite reaction acting simultaneously on the top and bottom
flanges, when the clear distance between their adjacent bearing edges is
equal to or less than 1.5h
For reactions or for concentrated loads on outer ends of cantilevers
when the distance from the edge of bearing to the end of the beam is less
than 1.5h (ETF):
P = 10t2F (sin 0) (1-0.1 (F /33)) (1-0.1 yR/t)
c Y Y
(1+.01(N/t))(1-.002(h/t)) (2.31)
For reactions of interior supports or for concentrated loads when
the distance from the edge of bearing to the end of the beam is equal to
or larger than 1.5h (lTF):
P = 18t2F (sin 0)(1-0.2(F /33))(1-0.03 1R/t)
c Y Y
(1+.01(N/t))(1-.0015(h/t)) (2.32)
For combined bending and web crippling, the Canadian Standard
recommends the same equation as that of the AISI 1968 Specification (Eq.
(2.17)).
3. Europe:
In the present European Recommendations (ECCS-1983),47,SO the web
crippling load is predicted by the following equation:
P = O.15t2 VEf (1-O.lVR/t)(O.5+ V.02(N/t))
c y
(2.4+(0/90)2). (2.33)
The above equation is applicable to concentrated load or reaction located
at least a distance 1.5h from the end of a member. If the distance is
less than 1.5h, the design load of a single web shall be taken as one half
the value computed by Eq. (2.33). The equation is limited to R/t < 10 and
o > 50 .
4. Other Countries:
The design provisions for web crippling used in the design
specifications and recommendations issued in Australia,51 India,52 the
Republic of South Africa,53 and the United Kingdom54 were also studied.
It was found that the design procedures are based on the same equations




As pointed out in Section I, the current available design criteria
for cold-formed steel beams subjected primarily to web crippling and a
combination of web crippling and bending are intended for application
with sections fabricated from materials with yield strengths up to 80
ksi. These empirical equations are based on the test results of sections
cold-formed from materials having the range of yield strengths from 30 to
57 ksi. In order to verify the adequacy of these equations for sections
using very high strength materials, an additional experimental study was
recommended by the AISI Task Force on Structural Research of the
Transportation Department.
The objective of this experimental investigation has been to
determine the ultimate web crippling loads for sections formed from high
strength materials in order to extend the range of material yield
strengths beyond the present limitation of the AISI design criteria. In
this phase of investigation, 150 hat sections and 96 I-beams fabricated
from five different types of sheet steels (80DK, 80XF, 100XF, 140XF and
140SK)55 were tested for the following four basic loading conditions:
1) Interior one-flange loading (IOF)
2) End one-flange loading (EOF)
3) Interior two-flange loading (ITF)
4) End two-flange loading (ETF)
In addition, 18 tests of hat sections were performed for the
transitions between the four basic loading conditions. The results of
34
these tests were used to eliminate the problem of discontinuity between
the basic equations to predict the ultimate web crippling loads for each
type of loading conditions.
All tests were performed in the 120,000 pound Tinius Olsen universal
testing machine (Fig. 3.1) located in the Engineering Research
Laboratory of the University of Missouri-Rolla. The materials used in
this study included hot-rolled and cold-rolled sheet steels having yield
strengths ranging from 58.2 to 165.1 ksi.
The mechanical properties of the sheet" steels used to form the
specimens were studied in detail in Phase I of this research
. t 14,56,57proJec . The preliminary study (Phase I) of this program
included a review of the literature on automotive structures, a study of
the mechanical properties for a selected group of high strength sheet
steels, and a critical review of various AlSI Specifications for the
design of cold-formed steel members. Table 3.1 gives the average values
of mechanical properties (longitudinal tension) and thicknesses of all
sheet steels used in this experimental investigation. The typical
stress -strain curves for longitudinal tension of these materials are
shown in Fig. 3.2. For other mechanical properties (longitudinal
compression, transverse tension, and transverse compression) and stresS-
strain relationships, see Refs. 14,56, and 57.
B. TEST SPECIMENS
Hat sections, as shown in Fig. 3.3, were used for the study of
sections with single unreinforced webs while I-beams (Fig. 3.4) were used
as sections that provide a high degree of restraint against rotation of
the webs. Three different profiles for each type of cross sections were
designed for each type of materials as presented in Tables 3.2a ~d 3.2b.
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Table 3.1
Material Properties* and Thicknesses of Sheet Steels












80DK 58.2 87.6 25.7 0.048
80XF 88.3 98.7 22.8 0.082
100XF 113.1 113.1 8.1 0.062
140XF 141.2 141.2 4.4 0.047
**-If
24.8 0.04780DK 58.2 86.6
***80XF 77 .1 89.1 20.4 0.088
**-If
100XF 116.9 116.9 10.1 0.065
**-If
140SK 165.1 176.2 4.3 0.046
Material properties are based on the average longitudinal
tension tests. For other material properties, see Refs. 14,
56, and 57.
** Elongation was measured over a 2-in. gage length.
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Fig. 3.2 Typical Stress-Strain Curves of Five Sheet Steels
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Fig. 3.4 I-Beams Used in the Experimental Study
Table 3.2a



























Note: See Fig. 3.3 for definitions of symbols.
Table 2b





















Note: See Fig. 3.4 for definitions of symbols.
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Because all specimens were formed by a press -braked operation,
there was little or no cold working effect on mechanical properties
except at the corners. Hat sections were braced by 1/8 x 3/4 in.
rectangular bars at appropriate locations for each type of loading
conditions to prevent the webs from spreading during the tests.
All I-beam specimens were fabricated from two identical channels
connected back to back with an aid of self tapping screws (14 x 3/4 Tek
screws) at a distance of 1/2 in. from top and bottom flanges. The self
tapping screws were spaced along the beam length at a constant distance
of 2 in. from center to center. The screws were driven from alternate
sides of the webs in order to minimize the initial deformations.
The measured dimensions of test specimens and the important
parameters used in calculations are presented in Appendix A.
C. TEST PROCEDURES
All specimens were loaded to failure. During the test, loads were
applied slowly at an increment of approximately 15~~ of the expected
ultimate loads and maintained constant at each load level for about 5
minutes.
Lateral deformations of the webs f h ofo at sections at the location
expected failure were measured. The lateral movements were measured at
several points with 1/2 in. spacing along the vertical center line of the
bearing plate by an LVDT. R d
ea ings were taken at each load level. For 1-
beam specimens, there was no I
ateral movement of the webs until the
ultimate loads were reached.
Vertical movement of the bear~ng plate, d s
... by which the loa wa
applied, was recorded at each step t d
o etect the load and time at which
the bearing plate started to penetrate' into the web.
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Vertical strain distribution in the web under or above the bearing
plate was also investigated by attaching strain gages to some of the hat
sections. For each of the specimens studied, three pairs of strain gages
were attached back to back vertically along a horizontal line with a
distance of 1/4 in. from the center of the gages to the web-flange
junction. Figures 3.5a and 3.5b show the locations of strain gages under
interior bearing plate and above end bearing plate, respectively.
Details of the test arrangement for each loading condition are
summarized as follows:
1. Hat Sections:
The number of specimens and the test arrangement for each case of
the loading conditions are discussed as follows:
a. Interior One-Flange Loading (IOF): A total of 72 hat
sections were tested as simply supported flexural members subjected to a
concentrated load between end supports. The test arrangement and the
test setup are shown in Figs. 3.6a and 3.7, respectively. Half of the
specimens were loaded at mid-span with the clear distance between the
opposite bearing plates (el and e2) of 1.5h. The remaining 36 specimens
were tested under unsymmetric loading with e1 varied from O.75h to 1.25h
and e2 varied from 2.25h to 1.75h, accordingly.
For all tests, two 4-in. bearing plates were used at both ends
and a 2-in. bearing plate was under the applied concentrated load. All
specimens were braced by 1/8 x 3/4 in. rectangular bars at 1/3 points of
the beam length to maintain the shape of the cross sections during the
test. In order to prevent the end failure from happening before the
desired interior failure to develop, wood blocks were inserted at both
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g) Transition between EOF and ETF
Note: All circles indicate regions of Failure
Fig. 3.6 Test Arrangements
2ZJ p{
Fig. 3.7 Photograph of Test Setup for Interior One-Flange
Loading of Hat Sections ~~
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b. End One-Flange Loading (EOF2: All of the 30 specimens were
tested as simply supported flexural members subjected to a concentrated
load at mid-span (Figs. 3.6b and 3.8). As shown in Fig. 3.6b, two 2-in.
bearing plates were used at both ends while a 4-in. bearing plate was
under a concentrated load. The clear distances between the opposite
bearing plates (e1) were also designed to be 1.5h. Braces using
rectangular bars were provided at the same location as in the previous
case.
c. Interior Two-Flange Loading (ITF2: A total of 24 hat
sections were tested for this loading condition. Two 2-in. bearing
plates were used in the middle of specimens for both top and bottom
flanges. The designed clear distance between the edge of bearing plates
to the end of the specimens, e3 , was 1. 5h. Figures 3. 6c and 3.9 show the
test arrangement and the test setup, respectively. For this case, the
bracing bars were attached at both ends of the specimens.
d. End Two-Flange Loading (ETF2: The number of specimens and
the test arrangement are the same as the ITF case except that the bearing
plates were placed at one end of the beam (Fig. 3.6d) with the distance
e3 of 1.5h. At the unloaded end of the specimen, an elastic support was
used to keep the specimen in a horizontal position during the test as can
be seen in Fig. 3.10. One bracing bar was provided at the middle of the
beam.
2. I-beams:
The pilot tests of I-beam specimens indicated that for the
configurations used in this series of tests there was always a premature
failure caused by the rotation of the flanges about the connection line
for all loading conditions except for the case of IOF. Figure 3.11 shows
Fig. 3.8 Photograph of Test Setup for End One-Flange
Loading of Hat Sections
."..
0\
Fig. 3.9 Photograph of Test Setup for Interior Two-Flange
Loading of Hat Sections
.po
......,
Fig. 3.10 Photograph of Test Setup for End Two-Flange








Fig. 3.11 Sketch Showing Bending Failure about
Connection Line
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a sketch of this type of failure. Apparently, the premature failure was
caused by the thinness of material and the large bend radii, which is
required for the high strength and low ductility sheet steels. This type
of failure is also a function of the distance between the flange and
connection line. The self tapping screws used in the fabrication of 1-
beam specimens were located at 1/2 in. from the flange which is the
minimum clearance of the electric drill used to drive the screws. This
failure mode occurred before web crippling could be developed in the
webs. In order to prevent this type of premature failure, bearing plates
were connected to flanges of I-beams by using machine bolts.
Because there were little, if any, lateral deformations observed in
the web of I-beams prior to failure, therefore, only one stationary dial
gage was set at the mid-depth of the web to determine the load under
which web failure was observed. The number of specimens and the test
arrangement for each type of loading conditions are discussed below:
a. Interior One-Flange Loading (IOF): A total of 24 I -beams
were tested as flexural members with the same configurations as used for
the case of hat sections under symmetric loading (Fig. 3.6a with e l =e2
= 1. 5h) . The test. setup is shown in Fig. 3. 12. Wood blocks were also
inserted at both ends of the beams to prevent the end failure.
b. End One-Flange Loading (EOF): Figure 3.13 shows the test
setup for this case with bearing plates connected to the flanges by using
machine bolts as discussed earlier. The number of specimens are the same
as that of the IOF case. The test arrangement is shown in Fig. 3.6b with
the distance e l of 1.5h.
c. Interior Two-Flange Loading (rTF): Similar as in the
previous case, premature bending failure about the connection line
Fig. 3.12 Photograph of Test Setup for Interior One-Flange
Loading of I-Beams Vl.-.




occurred before web crippling could be developed.






arrangements are the same as that used for hat sections as shown in Fig.
3.6c (with e3 =1.5h).
d. End Two-Flange Loading (ETF): The number of specimens and
the attched bearing plates are the same as that used for the lTF case.
Figures 3.6d and 3.15 show the test arrangement and test setup for this
case. The distance e3 in Fig. 3.6d was also designed to be 1.5h.
3. Transition Tests:
A total of 18 hat sections were tested for the transition ranges
between four basic loading conditions as follows:
a. Transition between lOF and lTF: Figure 3. 6e shows the test
arrangement for this case. It can be seen that the test setup is
basically the same as that used for the lOF case (Fig. 3.6a) except that
one end bearing plate was moved away from the end. The distance e2 was
designed to be 1.5h while e1 varied from O.1h to O.75h making e4 to vary
accordingly from 1.4h to O.75h. The expected failure was at the bearing
plate under the applied concentrated load.
b. Transition between lOF and EOF: The test setup (Fig. 3.6f)
was the same as that of the EOF case (Fig. 3.6b) except that the 2-in. end
bearing plate was moved closer to the applied concentrated load. Failure
was expected at the 2-in.bearing plate closer to the applied load due to
reaction. The distance e2 was also set at 1.5h as in the previous case
but the magnitudes of the distances e1 and e4 were interchanged.
c. Transition between EOF and ETF: Figure 3.6g shows the test
setup for this case. Similar to the previous case, the test arrangement
was adapted from that used for the EOF case (Fig. 3.6b). The bearing
Fig. 3.14 Photograph of Test Setup for Interior Two-Flange
Loading of I-Beams c.n
~
Fig. 3.15 Photograph of Test Setup for End Two-Flange
Loading of I-Beams VIVI
56
plate under the applied concentrated load was moved closer to one end
bearing plate with the distance e1 varied from O.lh to O. 75h and e2
varied from 2.9h to 2.25h, accordingly. Failure was expected at the end
bearing plate closer to the applied load.
D. TEST RESULTS
All lateral deformations of the web and vertical movement of the
bearing plate were recorded at every loading level as discussed earlier.
The ultimate loads were recorded and appeared to be very consistent for
identical specimens. The recorded ultimate web crippling loads can be
observed from Tables 4.3 to 4.10 in Section IV. Because all specimens
were unstable at the ultimate loads, deflection and deformation
measurements could not be obtained at this load level.
The nature of failure was carefully observed throughout the tests
and can be summarized as follows:
1. Hat Sections under IOF:
During the test, the downward curling of the top flange of hat
section under the top bearing plate was clearly visible at a load equal
to approximately 40% of the ultimate load as can be seen in Fig. 3.16.
This figure shows that when the load exceeds about 40% of the ultimate
load, the force applied to the beam through bearing plate was transmitted
directly to the end of the fillets (point A in Fig. 3.16a).
For the BODK and 80XF specimens, web crippling failures occurred
just under the bearing plates with relatively small lateral deformations
in the webs. The applied load increased steadily up to the ultimate load
and remained at that level for a long period of time while the bearing
I(a)
(b)
Fig. 3.16 Downward Curling of Top Flange of Hat Section
(Specimen No. 3-HIOF-A31 at 3.5 Kips Per Web)
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plate gradually penetrated into the web. At this point, the vertical
stress in the web underneath the bearing plate had already reached the
maximum bearing capacity of the web. It was believed that overstressing
underneath the bearing plate caused this type of failure. The typical
failure is shown in Fig. 3.17.
Buckling in the webs was observed in the 100XF, 140XF and 140SK
specimens. For this type of failure, the applied load increased steadily
up to the ultimate load. Under the ultimate load, the web became
unstable and the load dropped suddenly. There were relatively large
lateral deformations at middle portion of the webs even before failure
occurred. After the web buckled, the flange lost its support and
penetrated into the deformed web as can be seen in Fig. 3.18. Paired
strain gages which were attached to the webs of some specimens indicated
that the strain caused by the bending of the web was much more pronounced
than the strain caused by the vertical compressive stress. Figure 3.19
shows the lateral movement of the deformed web.
2. Hat Sections under EOF:
Under the applied load, all specimens used in this category
sustained relatively large lateral deformations in the webs combined
with large flange tip deflections at both supports. A plot of lateral
deformations at each load level and a deformed cross-section are shown in
Fig. 3.20 and 3.21, respectively.
For the 80DK, BOXF and lOOXF specimens, the overstressing failure
was observed for all tests while the sudden collapse of 140XFand 140SK
specimens indicated buckling failure.
Fig. 3.17 Photograph Showing Web Crippling Failure Caused
by Overstressing VI
\D
Fig. 3.18 Photograph Showing Web Crippling Failure Caused
















Fig. 3.19 Laterally Deformed Web of a Hat Section under Interior


















Fig. 3.20 Laterally Deformed Web of a Hat Section under End
One-Flange Loading (Specimen No. I-HEOF-A21)
Fig. 3.21 Photograph Showing Typical Failure of Hat Section




3. Hat Sections under lTF:
For the 80DK and 80XF specimens, the overstressing of webs at the
location of both bearing plates caused the failure. However, buckling
failure in the webs was observed for the lOOXF and 140SK specimens with
relatively large lateral deformations. It should be noted that the webs
deformed in reverse curvatures. The typical failure and laterally
deformed web are shown in Figs. 3.22 and 3.23, respectively.
4. Hat Sections under ETF:
All specimens in this case failed by buckling in the webs. Similar
to the previous case, the web deformed in reverse curvature. Figure 3.24
shows the typical failure mode.
5. I-Beams under IOF:
The failure mode of all specimens in this case was observed to be
buckling type failure. There was virtually no lateral deflection of the
web until the ultimate load was reached. The load increased steadily up
to the maximum load and experienced a sudden drop when the web buckled.
Figure 3.25 shows the typical failure of I-beams under IOF loading.
6. I-Beams under EOF:
As for the previous case, all specimens had a buckling type failure.
The typical failure is shown in Fig. 3.26.
7. I-Beams under ITF:
The 80DK and 80XF specimens with Profile No. 1 (Table 3.2b) failed
by overstressing of the webs underneath the bearing plates. For these
specimens, the loads were applied steadily up to the ultimate loads and
remained at that level for a long period of time before dropping. All
the remaining specimens buckled as the ultimate loads were reached.
Figure 3.27 shows the typical failure mode of these specimens.
Fig. 3.22 Photograph Showing Typical Failure of Hat Section





















Fig. 3.23 Laterally Deformed Web of a Hat Section under Interior
Two-Flange Loading (Specimen No. 5-HITF-A21)
Fig. 3.24 Photograph Showing Typical Failure of Hat Section
Subjected to End Two-Flange Loading
0\
'J
Fig. 3.25 Photograph Showing Typical Failure of I-Beam
Subjected to Interior One-Flange Loading
0\
00
Fig. 3.26 Photograph Showing Typical Failure of I-Beam
Subjected to End One-Flange Loading 0\
\0
Fig. 3.27 Photograph Showing Typical Failure of I-Beam




8. I-Beams under ETF:
All specimens experienced sudden collapse as the maximum loads were
reached which indicated the buckling failure. For this case, the typical
mode of failure is shown in Fig. 3.28.
Fig. 3.28 Photograph Showing Typical Failure of I-Beam




IV. EVALUATION OF EXPERH1ENTAL DATA
During recent years, numerous beam tests of automotive structural
10
components have been conducted by Inland Steel Company and Ford ~1otor
11Company for the purpose of studying the structural behavior and
formability of bumper reinforcement beams using high strength sheet
steels. The experimental data reported by Errera9 , Levyl0, and Vecchio ll
and the additional test results gathered from this phase of investigation
have been reviewed and evaluated. This section presents the comparisons
of the available experimental results of those sections fabricated from
high strength sheet steels and the predicted failure loads based on the
design criteria specified in the AISI 1981 Guide3 and the 1980 and 1986
Ed .. f h S . f . . 5 , 6~t~ons 0 t e pec~ ~cat~on.
The design provisions for web crippling and the combination of web
crippling and bending moment were reviewed in Section II. Even though
the existing design expressions discussed in Section II are intended for
the use of materials having yield strength not greater than 80 ksi with
proportional limit not less than 70% of the yield strength, nevertheless,
these design expressions with some modifications on the function of yield
strength have been used in this evaluation.
The effect of yield strength on the ultimate web crippling load of
cold-formed steel sections with single unreinforced webs is treated in
the same way in both the 1981 Guide and the 1986 Specification.
Specifically, the fuctions of yield strength for interior and end loading








These func~ions of F are shown graphically in Fig. 4.1a. I~ can be seeny
that the predicted failure load for a given section increases as the
yield strength, F , increases up to a certain value, beyond which they
ultimate web crippling load decreases as the yield strength increases.
The values of Fy that maximize the functions f 1(Fy ) and fZ(Fy) are 91.5
and 66.5 ksi, respectively. In the comparisons using the 1980 and 1986
Specifications, when the actual yield strength exceeds these limits, the
maximum value of the function is taken as a constant as shown in Fig.
4.1b i.e.
(for F > 91.5 ksi)y




The comparisons of the test results and the predicted failure loads
are presented in the following discussions.
A. INLAND TESTS
Hat sections (Fig. 4.2) were tested in the Research Laboratory of
9Inland Steel Company. The test specimens were fabricated from six
different types of sheet steels. The material properties and dimensions
of all the Inland specimens are given in Appendix B (Tables Bl and B2).
The yield strengths for specimens No. 1 through 30 (Table Bl) range from
35.3 to 73 ksi. For the remaining specimens, the yield strengths of
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Fig. 4.3 Test Arrangement for Inland Tests
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Table B1 were obtained from the tests of tensile coupons taken from flat
materials. Because all the specimens were press-braked, there was little
or no cold working of materials except in the corners.
All specimens were tested as simply supported flexural members
under third-point loading on a 36 in. span. Figure 4.3 shows the loading
arrangement used for these Inland tests.
It was reported that all specimens failed at the locations of
interior bearing plates under applied concentrated loads. The tested
loads listed under the column title lip . til are the ultimate loadstes
recorded just before the specimens collapsed. These values are the
average of duplicate tests.
In this evaluation, failure loads were predicted by using a computer
program based on the AlSI requirements included in the 1981 Guide and the
1980 and 1986 Editions of the Specification with some modification in the
function of yield strength as discussed earlier. The types of failure
modes considered in this investigation were bending, shear, combined
bending and shear, web crippling and combined bending and web crippling.
Comparisons of the test results and the predicted values for these
Inland tests are presented in Tables 4.1a, 4.1h, and 4.1c. The symbols
used in these tables for each type of failure loads are defined as
follows:
1) Pm is the ultimate load computed for the bending moment only,
kips. It was calculated from




Comparisons of Tested and Predicted Failure Loads for Inland Tests
Based on the AISI 1981 Guide
Predicted
Specimen P P P P P P Failure Pt IP
m c mc s ms test est comp
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
1 0.163 1.520 0.163 2.153 0.172 0.216 M 1. 32
2 0.415 1.599 0.415 3.294 0.426 0.414 M 1. 00
3 0.707 1.654 0.644 4.080 0.714 0.618 ~IC 0.96
4 1.026 1.581 0.809 4.080 1. 014 0.762 MC 0.94
5 1.384 1.493 0.934 4.080 1.330 0.900 MC 0.96
6 2.053 1.319 1.044 3.161 1.722 0.975 MC 0.93
7 0.219 2.396 0.219 2.911 0.232 0.306 M 1.40
8 0.560 2.515 0.560 4.472 0.580 0.594 M 1.06
9 1.000 2.608 0.940 6.034 1.017 0.876 MC 0.93
10 1.461 2.528 1.203 6.389 1.458 1.090 MC 0.91
11 1.973 2.424 1.414 6.389 1. 920 1.320 MC 0.93
12 3.161 2.215 1. 693 5.678 2.792 1.610 MC 0.95
13 0.260 2.703 0.260 3.467 0.277 0.384 M 1.48
14 0.667 2.837 0.667 5.326 0.690 0.726 M 1.09
15 1.160 2.941 1.082 6.972 1.180 1.100 MC 1.02
16 1.690 2.851 1.379 6.972 1.681 1.380 MC 1.00
17 2.282 2.733 1. 617 6.972 2.208 1. 610 MC 1. 00
18 3.662 2.498 1.930 5.678 3.109 1.960 MC 1. 02
19 0.311 3.008 0.311 4.139 0.330 0.498 M 1. 60
20 0.796 3.158 0.796 6.360 0.824 0.905 M 1.14
21 1.349 3.273 1.242 7.619 1.368 1.360 MC 1. 10
22 1. 960 3.173 1.575 7.619 1.942 1.640 MC 1. 04
23 2.648 3.042 1.840 7.614 2.545 1.930 MC 1. 05
24 3.651 2.780 2.052 5.678 3.071 2.340 MC 1.14
25 0.471 4.814 0.471 6.341 0.507 0.678 M 1.44
26 1.218 5.036 1.218 9.795 1.273 1.260 M 1. 03
27 2.118 5.220 1. 959 12.582 2.167 1.840 MC 0.94
28 3.089 5.111 2.503 12.582 3.085 2.370 MC 0.95
29 4.178 4.949 2.945 12.582 4.051 2.740 MC 0.93
30 6.562 4.626 3.527 9.992 5.485 3.190 MC 0.90
31 0.786 2.063 0.740 7.893 0.820 0.705 MC 0.95
32 1.090 3.764 1.090 13.604 1.158 1.185 M 1. 09
33 0.816 2.048 0.758 7.893 0.851 0.698 MC 0.92
34 1.183 3.739 1.169 12.727 1.261 1. 178 MC 1.01
35 0.825 2.048 0.765 7.893 0.861 0.690 MC 0.90
36 1.206 3.739 1.186 12.727 1.286 1.140 MC 0.96
37 0.772 2.063 0.730 7.809 0.806 0.705 MC 0.97
38 0.903 3.404 0.903 12.157 0.960 1.134 M 1.26
39 1.593 2.171 1.195 6.577 1.593 1.071 MC 0.90
40 2.037 3.574 1.687 12.704 2.093 1.890 Me 1.12
so
Table 4.1a (Cont'd)
Comparisons of Tested and Predicted Failure Loads for Inland Tests
Based on the AISI 1981 Guide
Predicted
Specimen P P P P P Ptest Failure Ptest/Peompm e me s ms
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
41 1.580 2.239 1.204 4.890 1.504 1.470 MC 1. 22
42 3.321 3.705 2.277 10.947 3.264 2.592 MC 1. 14
43 1.344 2.122 1. 070 3.891 1.270 1.655 MC 1. 55
44 3.437 3.973 2.396 9.510 3.2:33 2.898 MC 1. 21
45 1.244 2.072 1.011 3.755 1.181 1.584 MC 1.57
46 3.491 4.028 2.431 9.679 3.284 2.979 MC 1. 23
47 1.408 2.122 1.100 3.891 1.324 1. 718 MC 1.56
48 3.741 3.973 2.505 9.510 3.482 3.142 MC 1. 25
49 1.366 2.072 1.070 3.755 1.284 1.635 MC 1.53
50 3.827 4.028 2.551 9.679 3.559 3.069 MC 1. 20
51 1.456 2.122 1.123 3.891 1.364 1.746 MC 1.56
52 3.894 3.799 2.500 9.510 3.604 3.012 MC 1.20
53 1.493 2.072 1.128 3.755 1.387 1.599 MC 1.42
54 4.176 4.028 2.666 9.679 3.835 3.168 MC 1. 19
55 1.417 2.122 1.105 3.891 1. 331 1.805 MC 1. 63
56 3.787 3.973 2.520 9.510 3.518 3.048 MC 1.21
57 1.323 2.072 1.050 3.755 1.248 1.536 MC 1.46
58 3.331 3.701 2.279 8.698 3.111 3.243 MC 1.42
59 1.369 1. 987 1.054 3.232 1.261 2.091 MC 1. 98
60 3.294 3.435 2.186 7.215 2.997 3.522 MC 1. 61
61 1.182 1. 717 0.910 2.413 1. 061 2.302 HC .., - ..._.;).)
62 2.972 3.489 2.087 5.882 2.653 4.135 MC 1. 98
63 1.221 1. 717 0.928 2.413 1.089 2.470 MC 2.66
64 3.159 3.489 2.155 5.882 2.783 4.405 MC 2.04
65 1.225 1. 717 0.930 2.413 1.093 2.475 MC 2.66
66 3.184 3.489 2.164 5.882 2.800 4.628 HC 2.14
67 1.257 1. 717 0.943 2.413 1.115 2.607 MC 2.76
68 2.984 3.131 1.986 5.381 2.610 4.562 MC 2.30
Mean Value** 1. 072
Standard Deviation** 0.187
** For specimens with material yield strengths up to 80 ksi.
Note: Predicted Failure Mode
M represents bending moment
Me represents combined bending and web crippling
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Table 4.1b
Comparisons of Tested and Predicted Failure Loads for Inland Tests
Based on the AISI 1980 Specification
Predicted
Specimen P P P P P P Failure Pt tiP
m c me s ms test es comp
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
1 0.251* 1.823 0.251 2.153 0.196 0.216 M 1.10
2 0.415 1. 776 0.415 3.294 0.473 0.414 M 1. 00
3 0.707 1. 729 0.698 4.435 0.765 0.618 MC 0.89
4 1.026 1.682 0.882 4.736 1.055 0.762 MC 0.86
5 1.384 1.635 1.032 4.246 1.333 0.900 MC 0.87
6 2.080 1.541 1.208 3.170 1. 739 0.975 MC 0.81
7 0.350* 2.726 0.350 2.911 0.268 0.306 M 1.14
8 0.621* 2.668 0.621 4.472 0.652 0.594 M 0.96
9 1.000 2.611 1.000 6.034 1.110 0.876 M 0.88
10 1.461 2.554 1.287 7.415 1.547 1.090 MC 0.85
11 1. 973 2.497 1.518 7.415 1.988 1.320 MC 0.87
12 3.085 2.382 1.836 5.692 2.712 1.610 MC 0.88
13 0.414* 3.074 0.414 3.467 0.318 0.384 M 1.21
14 0.667 3.009 0.667 5.326 0.770 0.726 M 1.09
15 1.160 2.945 1.159 7.186 1. 273 1.100 MC 0.95
16 1.690 2.880 1.474 8.092 1. 762 1.380 MC 0.94
17 2.282 2.816 1. 736 7.634 2.243 1.610 MC 0.93
18 3.490 2.687 2.073 5.692 2.975 1.960 MC 0.95
19 0.462* 3.422 0.462 4.139 0.377 0.498 M 1.32
20 0.796 3.350 0.796 6.360 0.912 0.905 M 1.14
21 1.349 3.278 1.330 8.581 1.460 1.360 MC 1. 02
22 1.960 3.206 1.683 8.843 2.008 1.640 MC 0.97
23 2.648 3.134 1. 975 7.634 2.522 1.930 MC 0.98
24 3.947 2.990 2.323 5.692 3.244 2.340 MC 1.01
25 0.754* 5.344 0.754 6.341 0.582 0.678 M 1.16
26 1.218 5.252 1. 218 9.795 1.417 1.260 M 1. 03
27 2.118 5.160 2.090 13.249 2.332 1.840 MC 0.88
28 3.089 5.067 2.655 14.603 3.223 2.370 MC 0.89
29 4.178 4.975 3.125 13.450 4.090 2.740 MC 0.88
30 6.373 4.790 3.734 10.017 5.377 3.190 MC 0.85
31 0.786 2.552 0.786 9.161 0.851 0.705 M 0.90
32 1.090 4.274 1.090 13.604 1. 257 1.185 M 1. 09
33 0.816 2.561 0.816 9.161 0.893 0.698 M 0.86
34 1.183 4.285 1.183 12.727 1.380 1.178 M 1. 00
35 0.825 2.561 0.825 9.161 0.903 0.690 M 0.84
36 1.206 4.285 1.206 12.727 1.408 1.140 M 0.95
37 0.772 2.552 0.772 9.063 0.838 0.705 M 0.91
38 0.903 3.881 0.903 12.157 1.043 1.134 M 1.26
39 1.557 2.480 1.323 6.594 1.516 1.071 MC 0.81
40 2.037 3.798 1.838 14.805 2.142 1.890 MC 1. 03
82
Table 4.1b (Cont'd)
Comparisons of Tested and Predicted Failure Loads
for Inland Tests
Based on the AlSI 1980 Specification
Predic'ted
Specimen P P P P P P Failure Ptes't/Peomp
m e me s
ms test
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
41 2.271 2.408 1.605 4.902 2.061 1.470 MC
0.92
42 3.262 3.715 2.388 10.975 3.127 2.592 MC
1. 09
43 2.771 2.335 1. 734 3.901 2.259 1.655 HC
0.95
44 4.364 4.008 2.862 9.535 3.968 2.898 MC
1.01
45 2.480 2.291 1.632 3.765 2.071 1.584 MC
0.97
46 4.311 4.061 2.866 9.704 3.940 2.979 MC
1.04
47 2.902 2.335 1. 769 3.901 2.328 1. 718 MC
0.97
48 4.750 4.008 2.974 9.535 4.251 3.142 MC 1. 06
49 2.723 2.291 1. 702 3.765 2.206 1.635 MC 0.96
50 4.726 4.061 2.989 9.704 4.249 3.069 MC 1.03
51 2.956 2.335 1. 783 3.901 2.356 1.746 MC 0.98
52 4.611 3.832 2.862 9.535 4.151 3.012 MC 1. 05
53 2.976 2.291 1.768 3.765 2.335 1.599 MC 0.90
54 5.157 4.061 3.105 9.704 4.554 3.168 MC 1. 02
55 2.921 2.335 1. 774 3.901 2.338 1.805 MC 1.02
56 4.808 4.008 2.990 9.535 4.293 3.048 MC 1.02
57 2.774 2.291 1.716 3.765 2.233 1.536 MC 0.90
58 4.442 3.748 2.181 8.720 3.958 3.243 MC 1.17
59 3.557 2.263 1.884 3.240 2.395 2.091 MC 1.11
60 5.513 3.549 2.941 7.234 4.385 3.522 MC 1.20
61 4.060 2.119 1.890 2.419 2.078 2.302 MC 1. 22
62 7.622 3.742 3.404 5.897 4.664 4.135 MC 1. 21
63 4.194 2.119 1. 910 2.419 2.096 2.470 MC 1.29
64 8.101 3.142 3.469 5.897 4.768 4.405 MC 1. 27
65 4.210 2.119 1.912 2.419 2.098 2.475 MC 1.29
66 8.164 3.742 3.477 5.897 4.780 4.628 MC 1.33
67 4.293 2.119 1.924 2.419 2.108 2.607 MC 1.35
68 7.535 3.383 3.163 5.395 4.386 4.562 MC 1.44
Mean Value*'*' 0.977
Standard Deviation** 0.124
* Inelastic reserve capacity was employed.
** For specimens with material yield strengths up to 80 ksi.
Note: Predicted Failure Mode
M represents bending moment
Me represents combined bending and web crippling
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Table 4.1c
Comparisons of Tested and Predicted Failure Loads for Inland Tests
Based on the AISI 1986 Specification
Predicted
Specimen P P P P P P Failure P jP
m c mc s ms test test comp
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
1 0.251* 1.823 0.163 2.153 0.196 0.216 M 1.10
2 0.415 1.776 0.415 3.294 0.473 0.414 M 1. 00
3 0.707 1. 729 0.698 4.435 0.765 0.618 MC 0.89
4 1.026 1.682 0.882 4.736 1.055 0.762 MC 0.86
5 1.384 1.635 1. 032 4.246 1.333 0.900 MC 0.87
6 2.221 1.541 1.241 3.170 1. 739 0.975 MC 0.79
7 0.350* 2.726 0.219 2.911 0.268 0.306 M 1.14
8 0.621* 2.668 0.560 4.472 0.652 0.594 M 0.96
9 1.000 2.611 1.000 6.034 1.110 0.876 M 0.88
10 1.461 2.554 1.287 7.415 1.547 1.090 MC 0.85
11 1. 973 2.497 1.518 7.415 1. 988 1.320 MC 0.87
12 3.161 2.382 1.855 5.692 2.712 1. 610 MC 0.87
13 0.414* 3.074 0.260 3.467 0.318 0.384 M 1. 21
14 0.667 3.009 0.667 5.326 0.770 0.726 M 1.09
15 1.160 2.945 1.159 7.186 1.273 1.100 MC 0.95
16 1.690 2.880 1.474 8.092 1.762 1.380 MC 0.94
17 2.282 2.816 1. 736 7.634 2.243 1'.610 MC 0.93
18 3.662 2.687 2.115 5.692 2.975 1.960 MC 0.93
19 0.462* 3.422 0.311 4.139 0.377 0.498 M 1. 32
20 0.796 3.350 0.796 6.360 0.912 0.905 M 1.14
21 1.349 3.278 1.330 8.581 1.460 1.360 MC 1. 02
22 1. 960 3.206 1.683 8.843 2.008 1.640 MC 0.97
23 2.648 3.134 1. 975 7.634 2.522 1.930 MC 0.98
24 4.257 2.990 2.396 5.692 3.244 2.340 MC 0.98
25 0.754* 5.344 0.471 6.341 0.582 0.678 M 1.16
26 1.218 5.252 1.218 9.795 1. 417 1.260 M 1.03
27 2.118 5.160 2.090 13.249 2.332 1.840 MC 0.88
28 3.089 5.067 2.655 14.603 3.223 2.370 MC 0.89
29 4.178 4.975 3.125 13.450 4.090 2.740 MC 0.88
30 6.717 4.790 3.815 10.017 5.377 3.190 MC 0.84
31 0.786 2.552 0.786 9.161 0.851 0.705 M 0.90
32 1.090 4.274 1.090 13.604 1.257 1.185 M 1. 09
33 0.816 2.561 0.816 9.161 0.893 0.698 M 0.86
34 1.183 4.285 1.183 12.727 1.380 1.178 M 1. 00
35 0.825 2.561 0.825 9.161 0.903 0.690 M 0.84
36 1.206 4.285 1.206 12.727 1.408 1.140 M 0.95
37 0.772 2.552 0.772 9.063 0.838 0.705 M 0.91
38 0.903 3.881 0.903 12.157 1.043 1.134 M 1.26
39 1.593 2.480 1.341 6.594 1.516 1.071 MC 0.80
40 2.037 3.798 1.838 14.805 2.142 1.890 MC 1.03
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Table 4.1c (Cont'd)
Comparisons of Tested and Predicted Failure Loads for Inland Tests
Based on the AISI 1986 Specification
Predic~ed
Specimen P P P P P P Failure Ptest/Pcomp
m e me s IDS test
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
41 2.591 2.408 1. 710 4.902 2.061 1.470 MC 0.86
42 3.321 3.715 2.411 10.975 3.127 2.592 MC 1. 08
43 3.572 2.335 1.924 3.901 2.259 1.655 HC 0.86
44 4.826 4.008 2.995 9.535 3.968 2.898 MC 0.97
45 3.148 2.291 1.810 3.765 2.071 1.584 MC 0.88
46 4.720 4.061 2.988 9.704 3.940 2.979 MC 1.00
47 3.740 2.335 1. 957 3.901 2.328 1. 718 MC 0.88
48 5.250 4.008 3.104 9.535 4.251 3.142 MC 1. 01
49 3.463 2.291 1.879 3.765 2.206 1.635 MC 0.87
50 5.190 4.061 3.113 9.704 4.249 3.069 MC 0.99
51 3.787 2.335 1. 966 3.901 2.356 1.746 MC 0.89
52 5.017 3.832 2.968 9.535 4.151 3.012 MC 1.01
53 3.793 2.291 1.943 3.765 2.335 1.599 MC 0.82
54 5.680 4.061 3.231 9.704 4.554 3.168 MC 0.98
55 3.765 2.335 1.962 3.901 2.338 1.805 MC 0.92
56 5.314 4.008 3.120 9.535 4.293 3.048 MC 0.98
57 3.599 2.291 1.907 3.765 2.233 1.536 MC 0.81
58 4.965 3.748 2.916 8.720 3.958 3.243 MC 1.11
59 5.180 2.263 2.133 3.240 2.395 2.091 MC 0.98
60 6.586 3.549 3.132 7.234 4.385 3.522 MC 1.12
61 8.220 2.119 2.119 2.419 2.078 2.302 C 1.11
62 11. 010 3.742 3.742 5.897 4.664 4.135 C 1.10
63 8.491 2.119 2.119 2.419 2.096 2.470 C 1.18
64 11.700 ·3.742 3.742 5.897 4.768 4.405 C 1.18
65 8.523 2.119 2.119 2.419 2.098 2.475 C 1.18
66 11.789 3.742 3.742 5.897 4.780 4.628 C 1.24
67 8.556 2.119 2.119 2.419 2.108 2.607 C 1.24
68 10.782 3.383 3.383 5.395 4.386 4.562 C 1.35
Mean Value** 0.974
Standard Deviation** 0.126
* Inelastic reserve capacity was employed.
** For specimens with material yield strengths up to 80 ksi.
Note: Predicted Failure Mode
M represents bending moment
C represents web crippling
MC represents combined bending and web crippling
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where M = ultimate bending moment if bending moment only
u
exist, kip-in.
L = span length of beam specimen, in.






where Seff = effective section modulus of the cross section,
. 3l.n.
Fyf = yield strength of beam flange obtained from
tensile coupon test of virgin material, ksi
The computed bending moment was also checked against the
maximum bending moment capacity based on bending in the webs and
the effect of shear lag. For bending in the webs, the maximum
bending moment capacity was calculated on the basis of Section
3.4.4 of the 1981 GUide, Section 3.4.2 of the 1980
Specification, and the effective depth approach of the 1986
Specification where applicable. In determining the bending
2)
moment capacity based on shear lag of unusually short span, the
effective widths of both tension and compression flanges were
limited according to Section 3.4.8 of the 1981 Guide depending
on the ratio of span length to flange width, L/w f . The same
method is being used in the 1980 and 1986 SpeCifications.
P is the total ultimate load for the entire beam computed only
c
for web crippling in the absence of bending moment, kips. It





is the total ultimate load computed for combined bending
moment and web crippling, kips. Based on the 1981 Guide, Pmc
can be determined by using Eq. (2.17) which can be rewritten as
P = 1.3P P I(P +P ).
me m c m c
According to the 1980 and 1986 Specification,
calculated from
P = 1.42P P 1(1.07P +P ).
mc m c m c







P is the ultimate load computed for shear in the webs, kips.
s
It was calculated according to Section 3.4.5 of the 1981 Guide,
Section 3.4.1 of the 1980 Specification, or Section C3.2 of the
1986 Specification.
P is the ultimate load computed for combined bending moment
ms
and shear, kips. It was determined according to the interaction
equations in Section 3.4.6 of the 1981 Guide, Section 3.4.3 of
the 1980 Specification, and Section C3. 3 of the 1986





iteration procedure was used to obtain the ultimate loads which
satisfy the interaction equation.
P is the smallest value of P ,P P P and P discussed
eomp m c ' mc '5 rns
above, kips.
Ptest is the tested failure load for the entire beam, kips.
P /P is the ratio of the tested failure load to thetest comp
predicted failure load.
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It should be noted that the modes of failure indicated in Table 4.1
are determined from the computed values. Figure 4.4 shows the effect of
the material yield strength, F , on the ratio of P IP .y test comp
From Table 4.1 and Fig. 4.4, it can be seen that both the AISI Guide
and the AISI Specification can provide reasonable estimates of the
failure loads for sections with yield strengths up to 80 ksi except for
some shallow sections (Specimens No.1, 7, 13, 19, and 25) for which
bending moment alone is the governing mode of failure. For these beams,
the 1981 Guide usually underestimate the failure loads.
underestimation may be caused by the following factors:
This
1) The cold-work effect of a large portion of narrow compression
flange may cause a significant increase in yield strength.
2) The inelastic reserve capacity may result in a higher ultimate
load for compact sections, for which the local buckling of the
compression flange and the compression portion of the web is prevented.
In the calculations of bending moment capacity based on the 1980 and
1986 Specifications, the des ign provis ions for the inelastic reserve
capacity of flexural members were employed where applicable. The asterik
in Tables 4.1b and 4.1c indicates the utilization of inelastic reserve
capacity.
Good agreements between the tested loads and the predicted failure
loads based on the Guide and the Specifications were found for Specimens
No. 31 to 40 which were formed from 160SK sheet steels having yield
strengths from 169 to 189 ksi. The high values of the ratio P IP for
mc m
this group of specimens indicate that bending moment is the dominant
cause of failure. The predicted ultimate loads for bending moment only
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Fig. 4.4 Effect of F on the Ratio P /P for Inland Testsy test comp
Based on the AISI 1981 Guide and 1986 Specification
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For specimens No. 41 to 68 which were also formed from 160SK sheet
steels, the 1981 Guide underestimates the failure loads. The degree of
underestimation increases as the web depth to thickness ratio (hit)
increases. This incident is caused by very low values of calculated
bending moments governed by bending in the webs. According to Section
3.4.4 of the AISI 1981 Guide, the compressive stress in the flat web of a
beam due to bending in its plane is limited by Eq. (4.7) as follows:
= 6400001 (h/t)2 F .Y (4.7)
It can be seen that the value Fb decreases as the parameter hitwu
increases. For these specimens, the calculated values of Fbwu are much
less than the yield strengths of materials. For example, according to
Eq .. (4.7), the maximum bending stress in the web of Specimen No. 68 (F =y
169 ksi and hit = 118) is limited to 46 ksi which is much less than the
actual yield strength of 169 ksi.
In the 1980 Specification, Equation (4.7) was changed to
= (1.21-0.00034(h/t)~)FY Y ~ Fy (4.8)
and the accuracy of predict ions is improved. By us ing Eq. (4.8) the
value of Fbwu for Specimen No. 68 increases to 116 ksi. However, the
underestimation still exists for Specimens No. 61 to 68 where the
combination of web crippling and bending moment is the expected mode of
failure. The ultimate bending moment capacities for these specimens are
governed by bending in the webs and Eq. (4.8) seems to still
underestimate the values of P .
m
In the 1986 Specification, an effective web depth approach is used.
According to Section B2.3 of the Specification, the webs of all specimens
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are fully effective. As a result, the values of Pm,for Specimens No. 41
to 68 in Table 4.lc are larger than those presented in Tables 4.la and
4.1b. However, the predicted ultimate loads for Specimens No. 61 to 68
are still found ~o be conservative. For these specimens, web crippling
alone is the expected mode of failure. The underestimations are
apparent ly due to the use of the constant value of F = 91.5 ks i for thesey
very high strength ma~erials.
B. FORD TESTS
A ~otal of 39 composite sections (Fig. 4.5) tested by Ford Motor
Company were used in this evaluation. Each section consisted of a hat
section and a 0.030 in. thick coverplate welded to the tension flange of
the hat section. The yield strengths of the materials used for the hat
sections range from 27.5 to 108.4 ksi. However, the yield strength of
all the coverplates is 27.5 ksi.
Because the current AISI design provision for the ultimate web
crippling load is intended for the application of sections having flat
flange surfaces contacted to bearing plates, the test data reported by
V h · 10 f h . . . h d decc ~o or t e rema~n~ng specl.mens wit bea e top flanges were
excluded from the investigation.
All specimens were tested as simply supported flexural members
under third-point loading on an 18 in. span (Fig. 4.3). The material
properties and the measured dimensions of Ford test specimens are also
listed in Appendix B. Each of the 13 test data used in this evaluation is
the average value of the data obtained from three identical tests of each






















Fig. 4.6 Strain and Stress Diagrams for Composite Sections
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1) As received properties for flat materials before forming.
2) As formed properties for flanges and webs of formed hat
sections.
In Tables B4 and B5, the subscripts "f" and "w" represent flange and web,
respectively. Other dimensions of composite sections are given in Table
B5.
In Table B4, it can be seen that there is a significant increase in
strengths in the webs of the formed sections. In some cases, the
increase of yield strength is as high as 110% over the virgin steel. The
increase in yield strength is not only caused by the die-forming process
but is also due to the type of material used. The percentage increase in
yield strength is higher for mild dual phase steels than high strength
low alloy steels.
In the calculations, the "As Formed" data were used. The yield
strengths of the flanges, Fyf ' were used to calculate the bending moment
capacities, whereas the yield strengths of the webs, F ,were used in
yw
determining shear capacities and web crippling loads.
The effect of lower yield strength in the coverplates on bending
moment capacity was considered by assuming that 1) the strain varies
linearly from top to bottom of the section and 2) the coverplate has a
perfect elastic-plastic stress-strain curve. Figure 4.6 shows the
strain and stress diagrams for a composite section with consideration
being given to the effect of lower yield strength in the coverplate.
Comparisons of the test results and predicted values are presented
in Tables 4.2a and 4.2b. It should be noted that the predicted failure
loads based on the 1980 and 1986 Editions of the AISI Specification for
this group of specimens are identical. The symbols used in these tables
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Table 4.2a
Comparisons of Tested and Predicted Failure Loads for Ford Tests
Based on the AISI 1981 Guide
Predict:ed
Specimen P P P P P P Failure Ptes/Pcompm c mc s ms test
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
1 1.810 2.857 1.440 4.558 1.711 1.616 MC 1. 12
2 2.963 4.434 2.309 6.930 2.775 2.320 MC 1.00
3 3.543 3.610 2.324 7.251 3.932 2.377 MC 1. 02
4 3.289 3.353 2.158 7.163 3.041 2.453 MC 1.14
5 3.193 2.629 1.874 5.649 2.816 1.948 MC 1. 04
6 3.356 2.629 1.916 5.815 2.944 2.031 MC 1. 06
7 4.831 3.610 2.686 8.734 4.957 2.995 MC 1.12
8 3.964 5.886 3.079 9.904 3.375 3.602 MC 1.17
9 4.753 6.308 3.524 13.048 4.049 4.195 MC 1.19
10 3.084 10.846 3.122 8.950 3.047 4.567 M 1.48
11 4.231 10.467 3.917 14.540 5.257 4.858 MC 1.24
12 3.966 11.430 3.828 13.217 4.839 5.783 MC 1. 51
13 5.159 10.993 4.565 19.720 7.042 6.065 MC 1. 33
Mean Value* 1.179
Standard Deviation* 0.173
* For specimens with material yield strengths up to 80 ksi.
94
Table 4.2b
Comparisons of Tested and Predicted Failure Loads for Ford Tests
Based on the AlSI 1980 and 1986 Specifications
Predicted
Specimen P P P P P P Failure P jPm c mc s ms test test comp
No. (kips) (kips) (kips) (kips) (kips) (kips) Mode
1 1.810 2.955 1.553 7.113 3.099 1.616 MC 1.04
2 2.963 4.463 2.460 10.180 4.467 2.320 MC 0.94
3 3.543 3.734 2.496 7.831 4.934 2.377 MC 0.95
4 3.289 3.506 2.331 9.840 5.673 2.453 MC 1. 05
5 3.193 2.856 2.064 5.930 3.928 1.948 MC 0.94
6 3.356 2.856 2.111 5.933 3.777 2.031 MC 0.96
7 4.831 3.734 2.877 8.757 5.244 2.995 MC 1. 04
8 3.964 5.858 3.265 13.399 4.532 3.602 MC 1.10
9 4.753 6.263 3.725 17.665 5.626 4.195 MC 1.13
10 3.084 10.644 3.343 14.991 5.975 4.567 M 1.48
11 4.231 10.303 4.174 16.473 6.833 4.858 MC 1.16
12 3.966 11.232 4.087 20.967 8.588 5.783 M 1.46
13 5.159 10.812 4.850 26.980 10.621 6.065 MC 1. 25
Mean Value* 1.110
Standard Deviation* 0.194
* For specimens· with material yield strengths up to 80 ksi.
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were defined previously in Item A for Inland Tests. The relationships
between the ratio of P IP and the material yield strength, F istest comp y'
shown in Fig. 4.7.
It can be seen that both the 1981 Guide and the 1986 Specification
provide reasonable predictions of the failure loads for Specimens No. 1
through 9 which failed in the combined bending and web crippling mode.
For Specimens No. 10 through 13 where bending moments seem to be the
dominant factor to cause the failure, a relatively higher degree of
underestimation is realized. This underestimation may be due to the
following reasons:
1) Because the ratios of tensile strength to yield strength,
F IF , are large, a substantial amount of cold-work may cause
u y
the average yield stress in corners of the compression flange to
be much higher than the yield stress of the middle portion of
the flange, Fyf ' and the yield stress of the virgin steel, Fy .
However, the values of Fyi for these specimens are relatively
low when comparing to F and F In some cases, the values ofy yw
Fyf are even lower than the yield strength of virgin steels, Fy '
due to the die-forming process.
2) The ultimate bending moment may be increased by the inelastic
reserve capacity of the entire cross section.
C. PRESENT ut-tR TESTS ON HIGH STRENGTH STEEL BEAMS
Hat sections and I-beams fabricated from high strength sheet steels
were tested under different types of loading conditions as discussed in
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development of web crippling design criteria all specimens were designed
to fail by web crippling. In the comparisons of the tested and predicted
failure loads for this group of test data, only web crippling design
criteria are considered.
The comparisons of the tested failure loads and the predicted loads
for this group of specimens are presented in Tables 4.3 to 4.10. The
symbols used in these tables are defined as follows:
1)
2)
Ptest is the tested failure loadp_~J:'W'E!?' kips.
P is the ultimate web crippling load per web based on the 1981cg _
Guide, kips.
3) Pcs is the ultimate web crippling load p,eI:" web based on the 1986
Specification with the modified Eqs. (4.1) and (4.2), kips.
4)
5)
Pt tIP is the ratio of the tested failure load to thees cg
predicted failure load based on the 1981 Guide.
P IP is the ratio of the tested failure load to thetest cs
predicted failure load based on the 1986 Specification.
The effect of the material yield strength, F , on the ratio ofy
Pt tIP is shown for each case in Figs. 4.8 to 4.15.es comp
According to these comparisons, the validities of the existing
design criteria for various types of sections subjected to different
loading conditions are discussed as follows:
1. Hat-Sections Subjected to Interior One-Flange Loading:
It can be seen from Table 4.3 and Fig. 4.8 that both the 1981 Guide
and the 1986 Specification can provide good estimates of the failure
loads for 80DK and 80XF specimens which have yield strengths up to 88.3
ksi. However, for the 100XF, 140XF, and 140SK specimens,
underestimations were observed possibly due to the use of a constant
98
Table 4..3
Comparisons of Tested and Predicted Failure Loads for Hat Sections
Subjected to Interior One-Flange Loading
Based on the 1981 Guide and the 1986 Specification
Specimen Material P P P P IP P IPtest cg cs test cg test cs
No. (kips) (kips) (kips)
1-HIOF-All 800K 1.425 1.625 1.645 0.92 0.87
I-HIOF-A12 800K 1.4.00 1.622 1.646 0.90 0.85
1-HIOF-A21 800K i.465 1.673 1.557 0.91 0.94
1-HIOF-A22 800K 1.465 1. 673 1. 4.96 0.91 0.98
I-HIOF-A31 800K 1.4.50 1.655 1.531 0.91 0.95
1-HIOF-A32 800K 1.500 1.655 1.510 0.94 0.99
2-HIOF-All 80XF 5.400 5.400 6.210 1.04 0.87
2-HIOF-AI2 80XF 5.365 5.365 6.090 1. 04 0.88
2-HIOF-A21 80XF 5.740 5.740 5.985 1. 03 0.96
2-HIOF-A22 80XF 5.700 5.738 5.984 1.03 0.95
2-HIOF-A31 80XF 6.265 6.004 5.914 1.08 1. 06
2-HIOF-A32 80XF 6.375 6.007 5.913 1.10 1. 08
3-HIOF-All 100XF 4.290 3.290 3.492 1. 36 1. 23
3-HIOF-A12 100XF 4.300 3.361 3.612 1. 33 1.193-HIOF-A21 100XF 4.290 3.521 3.531 1. 27 1. 213-HIOF-A22 100XF 4.265 3.544 3.560 1. 25 1. 203-HIOF-A31 100XF 4.325 3.632 3.561 1. 23 1. 213-HIOF-A32 100XF 4.350 3.525 3.419 1. 28 1. 274-HIOF-All 140XF 2.720 2.125 2.262 1.33 1. 204-HIOF-A12 140XF 2.600 2.157 2.308 1. 26 1. 134-HIOF-A21 140XF 2.725 2.062 2.048 1. 37 1. 334-HIOF-A22 140XF 2.740 2.080 2.069 1. 37 1.324-HIOF-A31 140XF 2.700 2.108 2.091 1. 35 1. 294-HIOF-A32 140XF 2.630 2.093 2.069 1.33 1. 274-HIOF-A13 140XF 2.490 1.902 1. 772 1. 36 1. 414-HIOF-A14 140XF 2.475 1. 902 1.772 1. 35 1.404-HIOF-A23 140XF 2.625 1.960 1.715 1.40 1.534-HIOF-A24 140XF 2.665 1. 961 1.715 1. 42 1.554-HIOF-A33 14·0XF 2.575 1. 903 1.660 1. 45 1.554-HIOF-A34 140XF 2.610 1. 903 1.660 1.47 1.575-HIOF-All 140SK 2.365 1. 837 1. 684 1. 34 1.405-HIOF-A12 140SK 2.325 1.839 1.685 1.32 1. 385-HIOF-A21 140SK 2.500 1. 859 1.628 1. 40 1.545-HIOF-A22 140SK 2.535 1. 859 1. 629 1.42 1.565-HIOF-A31 140SK 2.465 1.822 1.574 1.46 1.575-HIOF-A32 14QSK 2.435 1.820 1.573 1. 45 1. 553-HIOF-Dll 100XF 4.363 3.130 3.291 1. 45------- 1.333-HIOF-DI2 100XF 4.275 3.133 3.291 1.42 1.303-HIOF-Cll 100XF 4.225 3.091 3.291 1.42 1.283-HIOF-C12 100XF 4.250 3.085 3.291 1.43 1.29
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Table 4.3 (Cont'd)
Comparisons of Tested and Predicted Failure Loads for Hat Sections
Subjected to Interior One-Flange Loading
Based on the 1981 Guide and the 1986 Specification
Specimen Material P P P P jP PPtest cg cs test cg test/ cs
No. (kips) (kips) (kips)
3-HIOF-Bll 100XF 4.150 3.055 3.291 1.41 1.26
3-HIOF-B12 100XF 4.188 3.055 3.291 1.43 1. 27
3-HIOF-D21 100XF 4.375 3.362 3.291 1. 37 1. 33
3-HIOF-D22 100XF 4.325 3.357 3.291 1. 36 1.31
3-HIOF-C2l lOOXF 4.175 3.315 3.291 1.31 1.27
3-HIOF-C22 100XF 4.150 3.316 3.291 1.30 1. 26
3-HIOF-B21 100XF 4.100 3.279 3.291 1.30 1.25
3-HIOF-B22 lOOXF 4.063 3.285 3.291 1.28 1.23
3-HIOF-D31 100XF 4.500 3.503 3.291 1.41 1. 37
3-HIOF-D32 lOOXF 4.400 3.507 3.291 1.38 1.34
3-HIOF-C3l 100XF 4.188 3.460 3.291 1.31 1. 27
3-HIOF-C32 100XF 4.200 3.460 3.291 1.32 1. 28
3-HIOF-B31 100XF 4.087 3.434 3.291 1.28 1. 24
3-HIOF-B32 lOOXF 4.250 3.434 3.291 1. 33 1. 29
5-HIOF-Dll l40SK 2.450 1.723 1.749 1.48 1. 40
5-HIOF-D12 l40SK 2.500 1. 716 1.749 1.51 1.43
5-HIOF-Cll l40SK 2.475 1. 695 1. 749 1.52 1.41
5-HIOF-C12 140SK 2.400 1.694 1. 749 1.47 1. 37
5-HIOF-Bll l40SK 2.587 1.691 1.749 1.59 1. 48
5-HIOF-B12 140SK 2.600 1.683 1. 749 1. 60 1. 49
5-HIOF-D21 140SK 2.587 1.806 1. 749 1.55 1. 48
5-HIOF-D22 140SK 2.500 1.809 1. 749 1.50 1. 43
5-HIOF-C21 140SK 2.537 1.780 1. 749 1.52 1. 45
5-HIOF-C22 140SK 2.613 1. 783 1. 749 1.56 1. 49
5-HIOF-B21 140SK 2.537 1.766 1.749 1.52 1.45
5-HIOF-B22 140SK 2.600 1. 769 1. 749 1.56 1. 49
5-HIOF-D31 l40SK 2.688 1.857 1. 749 1. 61 1.54
5-HIOF-D32 140SK 2.712 1.855 1.749 1. 62 1. 55
5-HIOF-C31 140SK 2.675 1.831 1. 749 1.60 1.53
5-HIOF-C32 140SK 2.650 1.830 1. 749 1.59 1.52
5-HIOF-B31 140SK 2.762 1. 813' 1. 749 1. 65 1.58
5-HIOF-B32 140SK 2.700 1.815 1.749 1. 62 1.54
Mean Value* 0.915 0.930
Standard Deviation* 0.014 0.058
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yield strength of 91.5 ksi (Modified Eq. (4.1)) in place of the actual
higher value of yield strengths.
For this group of data, test results indicate that the degree of
underestimation increases as the yield strength increases when the
actual yield strength exceeds the present limit of 80 ksi. However, this
comparison does not agree with the results of Inland tests. It seems to
suggest that the function of F is not the only factor that causes they
inaccuracy in the prediction of the ultimate web crippling load for the
sections fabricated from high strength sheet steels having yield
strengths exceeding 80 ksi.
2. Hat-Sections Subjected to End One-Flange Loading:
The 1986 Specification has two different equations to determine the
ultimate web crippling loads for sections haVing stiffened and
unstiffened flanges. However, the 1981 Guide has only one equation for
both cases. All hat sections used in this study were tested in such a way
that the unstiffened flanges were in contact with the bearing plates at
both ends.
It can be seen from Table 4.4 and Fig. 4.9 that the predicted
failure loads for this case are rather conservative partly because of the
use of a constant F instead of the actual yield strength of the highy
strength sheet steels (Modified Eq. (4.2)). Furthermore, for some
specimens, the buckling type of failure was observed. This type of
failure is independent of material yield strength.
3. Hat-Sections Subjected to Interior Two-Flange Loading:
Table 4.5 indicates that for the 80DK and 80XF specimens, both the
1981 Guide and the 1986 Specification provide good predictions for the
ultimate web crippling loads. For the 100XF and 140SK specimens using
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Table 4.4
Comparisons of Tested and Predicted Failure Loads for Hat Sections
Subjected to End One-Flange Loading
Based on the 1981 Guide and the 1986 Specification
Specimen Material P P P P IP P IPtest cg cs test c~ test cse-
No. (kips) (kips) (kips)
l-HEOF-All 80DK 0.719 0.662 0.472 1.09 1.52
I-HEOF-A12 80DK 0.700 0.662 0.472 1. 06 1. 48
l-HEOF-A21 80DK 0.694 0.611 0.460 1.14 1. 51
l-HEOF-A22 80DK 0.688 0.609 0.460 1.13 1. 50
l-HEOF-A31 80DK 0.669 0.552 0.447 1.21 1. 50
1-HEOF-A32 80DK 0.643 0.552 0.447 1.16 1.44
2-HEOF-A11 80XF 2.919 2.366 1.828 1.23 1. 60
2-HEOF-A12 80XF 2.981 2.455 1.896 1.21 1.57
2-HEOF-A21 80XF 2.994 2.328 1.834 1.29 1. 63
2-HEOF-A22 80XF 3.125 2.415 1. 901 1.29 1. 64
2-HEOF-A31 80XF 2.713 2.242 1.803 1. 21 1.50
2-HEOF-A32 80XF 2.825 2.285 1.837 1. 24 1.54
3-HEOF-All 100XF 2.050 1.406 1.032 1.46 1. 99
3-HEOF-A12 100XF 2.106 1.519 1.114 1. 39 1. 89
3-HEOF-A21 100XF 2.006 1.402 1.064 1.43 1. 89
3-HEOF-A22 100XF 2.075 1.403 1.064 1.48 1. 95
3-HEOF-A31 100XF 1.894 1.288 1.015 1.47 1. 87
3-HEOF-A32 100XF 1.869 1.221 0.963 1. 53 1. 94
4-HEOF-All 140XF 1. 313 0.915 0.650 1.43 2.02
4-HEOE-A12 140XF 1.300 0.775 0.548 1. 68 2.37
4-HEOF-A21 140XF 1.219 0.675 0.511 1. 81 2.39
4-HEOF-A22 140XF 1.125 0.622 0.471 1. 81 2.39
4-HEOF-A31 140XF 1.088 0.652 0.534 1. 67 2.04
4-HEOF-A32 140XF 1.063 0.750 0.613 1. 42 1. 73
5-HEOF-All 1405K 1.295 0.627 0.445 2.07 2.91
5-HEOF-A12 1405K 1.285 0.628 0.445 2.05 2.89
S-HEOF-A21 1405K 1.200 0.565 0.431 2.12 2.78
S-HEOF-A11 140SK 1.178 0.567 0.431 2.08 2.73
5-HEOF-All 140SK 1. 050 0.504 0.417 2.08 2.52
5-HEOF-All 1405K 1.035 0.506 0.418 2.04 2..48
Mean Value* 1.132 1.492
Standard Deviation* 0.053 0.029
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Table 4.5
Comparisons of Tested and Predicted Failure Loads for Hat Sections
Subjected to Interior Two-Flange Loading
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very high yield strengths, the underestimation of web crippling loads was
observed as can be seen clearly from Fig. 4.10.
It should be noted that the 1981 Guide uses the same equation for
in~erior one-flange loadin~ and the interior two-flange loading wh~le
the 1986 Specification has different equations for both cases.
4. Hat-Sections Subjected to End Two-Flange Loading:
As the previous case, the 1981 Guide uses the same equation for both
end one-flange loading and end two-flange loading. It can be seen from
Table 4.6 and Fig. 4.11 that both the 1981 Guide and 1986 Specification
underestimate the ultimate web crippling loads for most of the specimens.
This underestimation may be caused by using improper parameters in the
prediction equations.
S. I-Beams Subjected to Interior One-Flange Loading:
Table 4.7 and Fig. 4.12 indicates that the predicted web crippling
loads are higher than the tested failure loads especially for the
predicted values based on the 1981 Guide which have very high degree of
overestimation. The 1986 Specification gives reasonable estimates for
the 800K and 80XF specimens but overestimates the web crippling loads for
the lOOXF and 140SK specimens. It should be noted that all specimens
used in this phase of study failed by web buckling.
6. I-Beams Subjected to End One-Flange Loading:
The comparisons of the tested and predicted failure loads are shown
in Table 4.8. It can be seen that both the 1981 Guide and the
Specification provide good estimations of ultimate web crippling loads
for the 80DK and 80XF specimens but overestimate the web crippling
capacities of the 100XF and 140SK specimens. Figure 4.13 shows the
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Table 4.6
Comparisons of Tested and Predicted Failure Loads for Hat Sections
Subjected to End Two-Flange Loading
Based on the 1981 Guide and the 1986 Specification
Specimen Material P P P P /P Ptest/Pcstest cg cs test cg
No. (kips) (kips) (kips)
1-HETF-All 800K 0.725 0.640 0.476 1.13 1.52
l-HETF-A12 800K 0.713 0.639 0.476 1.12 1.50
1-HETF-A21 800K 0.725 0.581 0.448 1.25 1. 62
1-HETF-A22 800K 0.725 0.580 0.448 1.25 1. 62
1-HETF-A31 800K 0.650 0.522 0.420 1.25 1.55
1-HETF-A32 800K 0.662 0.522 0.420 1.27 1.57
2-HETF-All 80XF 2.825 2.452 2.082 1.15 1.36
2-HETF-A12 80XF 2.787 2.452 2.082 1.14 1.34
2-HETF-A21 80XF 2.700 2.372 2.022 1.14 1.34
2-HETF-A22 80XF 2.650 2.372 2.022 1.12 1.31
2-HETF-A31 80XF 2.425 2.289 1.960 1. 06 1.24
2-HETF-A32 80XF 2.400 2.290 1.960 1.05 1.22
3-HETF-All 100XF 1.525 1.172 0.928 1.30 1.64
3-HETF-A12 100XF 1.600 1.172 0.928 1. 37 1. 72
3-HETF-A21 100XF 1. 413 1.109 0.890 1.27 1.59
3-HETF-A22 100XF 1.487 1.109 0.891 1.34 1. 67
3-HETF-A31 100XF 1.300 1.042 0.851 1.25 1.53
3-HETF-A32 100XF 1. 312 1.044 0.852 1.26 1.54
5-HETF-All 140SK 0.750 0.627 0.464 1.20 1.61
5-HETF-A12 140SK 0.762 0.627 0.465 1.21 1. 64
5-HETF-A21 140SK 0.675 0.565 0.436 1.19 1.55
5-HETF-A22 140SK 0.700 0.565 0.436 1.24 1. 61
5-HETF-A31 140SK 0.612 0.507 0.409 1.21 1.50
5-HETF-A32 140SK 0.600 0.508 0.410 1.18 1.47
Mean Value* 1.212 1.563
Standard Oeviation* 0.068 0.050
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Fig. 4.11 Effect of F on the Ratio P /P for Hat Sectionsy test comp
Subjected to End Two-Flange Loading Based on
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Table 4.7
Comparisons of Tested and Predicted Failure Loads for I-Beams
Subjected to Interior One-Flange Loading
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Fig. 4.12 Effect of F on the Ratio P /P for I-Beamsy test comp
Subjected to Interior One-Flange Loading Based on
the AlSI 1981 Guide and 1986 Specification
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Table 4.8
Comparisons of Tested and Predicted Failure Loads for I-Beams
Subjected to End One-Flange Loading
Based on the 1981 Guide and the 1986 Specification
Specimen Material P P P P /P Ptest/Pestest eg cs test cg
No. (kips) (kips) (kips)
1-lEOF-All 80nK 2.830 2.423 2.629 1.17 1. 08
1-lEOF-A12 80nK 2.750 2.423 2.632 1.14 1. 04
1-IEOF-A21 80nK 2.630 ? I..," 2.698 1. 09 0.97_.1+... .)
1-lEOF-A22 80nK 2.675 2.423 2.697 1.10 0.99
1-lEOF-A31 80nK 2.750 2.423 2.766 1.14 0.99
1- lEOF.-A32 80nK 2.695 2.423 2.768 1.11 0.97
2-lEOF-All 80XF 8.017 9.603 10.096 0.83 0.79
2-lEOF-A12 80XF 8.100 9.603 10.100 0.84 0.80
2-lEOF-A21 80XF 7.850 9.603 10.256 0.82 0.77
2-lEOF-A22 80XF 7.600 9.603 10.253 0.79 0.74
2-lEOF-A31 80XF 7.625 9.603 10.405 0.79 0.73
2-lEOF-A32 80XF 7.775 9.603 10.405 0.81 0.75
3-IEOF-All 100XF 4.395 7.434 7.951 0.59 0.55
3-lEOF-A12 100XF 4.370 7.434 7.936 0.59 0.55
3-IEOF-A21 100XF 4.250 7.434 8.098 0.57 0.52
3-IEOF-A22 100XF 4.125 7.434 8.092 0.55 0.51
3-IEOF-A31 100XF 4.125 7.434 8.255 0.55 0.50
3-IEOF-A32 100XF 4.000 7.434 8.256 0.54 0.48
5-IEOF-All 140SK 2.217 6.373 6.939 0.35 0.32
5-IEOF-A12 140SK 2.175 6.373 6.935 0.34 0.31
5-IEOF-A21 140SK 2.200 6.373 7.128 0.35 0.31
5-lEOF-A22 140SK 2.075 6.373 7.122 0.33 0.29
5-lEOF-A31 140SK 2.117 6.373 7.311 0.33 0.29
5-IEOF-A32 140SK 2.015 6.373 7.317 0.32 0.28
Mean Value* 1.125 1.007
Standard Deviation* 0.030 0.044
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Fig. 4.13 Effect of F on the Ratio P IP for I-Beamsy test comp
Subjected to End One-Flange Loading Based on
the AlSI 1981 Guide and 1986 Specification
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Theratio ofbetween therelationships P jP and F.test camp y
overestimation of web crippling load may be caused by the same reason as
discussed for the previous case.
7. I-Beams Subiected to Interior Two-Flange Loading:
The equation used for this case to predict the ultimate web
crippling on the basis of the the 1981 Guide is the same as the case for
interior one-flange loading. Table 4.9 presents the comparisons of the
tested and predicted failure loads. Based on the 1981 Guide, the degree
of overestimation increases as the yield strength increases. The
accuracy of predictions based on the 1986 Specification are inconsistent
as can be seen from Fig. 4.14.
It can be seen from the equation used to predict the ultimate web
crippling load for I-beams subjected to interior one-flange loading that
Eq. 2.26 is independent of yield strength of material, F. Even thoughy
there are two terms of F in the equation, one in the numerator and they
other in the denominator, they are simply cancelled out. The
independence of F in this equation agrees with the test results whichy ,
indicate web buckling failure for all specimens used in this case.
However, the inconsistency in the accuracy of prediction may arise from
using improper parameters in the equation.
8. I-Beams Subjected to End Two-Flange Loading:
Same as the hat sections, the 1981 Guide has only one equation to
predict both end one-flange loading and end two-flange loading cases.
Table 4.10 shows the same trend of overestimation for the 1981 Guide as
the previous case. The 1986 Specification underestimates the failure
loads. Figure 4.15 shows the relationships between the ratio of
114
Table 4.9
Comparisons of Tested and Predicted Failure Loads for I-Beams
Subjected to Interior Two-Flange Loading
Based on the 1981 Guide and the 1986 Specification
Specimen Material P P P P IP P IPtest cg cs test cg test cs
No. (kips) (kips) (kips)
1-lITF-All 80DK 4.350 4.654 2.416 0.93 1. 80
1-lITF-A12 80DK 4.450 4.654 2.416 0.96 1. 84
1-lITF-A21 80DK 2.775 4.654 2.354 0.60 1. 18
1-IITF-A22 80DK 2.750 4.654 2.354 0.59 1.17
I-IITF-A31 80DK 2.188 4.654 2.277 0.47 0.96
1-IITF-A32 80DK 2.150 4.654 2.278 0.46 0.94
2-IITF-All 80XF 19.875 18.207 7.774 1. 09 2.56
2-IITF-A12 80XF 20.050 18.207 7.774 1.10 2.58
2-lITF-A21 80XF 17.000 18.207 7.774 0.93 2.19
2-IITF-A22 80XF 16.500 18.207 7.774 0.91 2.12
2-IITF-A31 80XF 11. 850 18.207 7.774 0.65 1.52
2- IITF-A32 80XF 12.125 18.207 7.774 0.67 1.56
3-IITF-All 100XF 14.125 16.312 4.382 0.87 3.22
3-I1TF-A12 100XF 14.050 16.312 4.382 0.86 3.21
3-IITF-A21 100XF 7.188 16.312 4.382 0.44 1. 64
3-IITF-A22 100XF 7.300 16.312 4.382 0.45 1. 67
3-IITF-A31 100XF 5.375 16.312 4.324 0.33 1. 24
3-IITF-A32 100XF 5.500 16.312 4.325 0.34 1. 27
5-IITF-All 140SK 5.025 12.727 2.324 0.39 2.16
5-IITF-A12 140SK 4.975 12.727 2.324 0.39 2.14
5-IITF-A21 140SK 3.000 12.727 2.260 0.24 1. 33
5-IITF-All 140SK 2.975 12.727 2.260 0.23 1. 32
5-IITF-All 140SK 2.025 12.727 2.183 0.16 0.93
5-IITF-All 140SK 2.125 12.727 2.182 0.17 0.97
~tean Value* 0.668 1. 315
Standard Deviation* 0.222 0.404
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Table 4.10
Comparisons of Tested and Predicted Failure Loads for I-Beams
Subjected to End Two-Flange Loading
Based on the 1981 Guide and the 1986 Specification
Specimen Material P P P P jP P IPtest cg cs test cg l:eSl: cs
No. (kips) (kips) (kips)
l-IETF-All 80DK 1.575 2.334 1.006 0.67 1.57
l-IETF-A12 80DK 1.562 2.334 1.006 0.67 1.55
l-IETF-A21 80DK 1.475 2.334 0.979 0.63 1.51
1-IETF-A22 80DK 1.512 2.334 0.979 0.65 1.54
1-IETF-A31 80DK 1.287 2.334 0.951 0.55 1.35
1-IETF-A32 80DK 1.225 2.334 0.951 0.52 1.29
2-IETF-All 80XF 5.175 9.529 3.871 0.54 1. 34
2-IETF-A12 80XF 5.050 9.529 3.870 0.53 1.30
2-IETF-A21 80XF 4.237 9.529 3.816 0.44 1.11
2-IETF-A22 80XF 4.350 9.529 3.817 0.46 1.14
2-IETF-A31 8OX]' 4.012 9.529 3.765 0.42 1.07
2-IETF-A32 80XF 3.950 9.529 3.764 0.41 1. 05
3-IETF-A11 1aOX]' 2.775 8.364 1.998 0.33 1. 39
3-IETF-A12 100X]' 2.700 8.364 1.998 0.32 1. 35
3-IETF-A21 100XF 2.312 8.364 1.960 0.28 1. 18
3-IETF-A22 100X]' 2.275 8.364 1.960 0.27 1. 16
3-IETF-A31 100XF 2.237 8.364 1.921 0.27 1.16
3-IETF-A32 100X]' 2.300 8.364 1.922 0.28 1. 20
5-IETF-All 140SK 1.325 6.373 0.961 0.21 1. 38
5-IETF-A12 140SK 1. 312 6.373 0.962 0.21 1. 36
5-IETF-A21 140SK 1.250 6.373 0.935 0.20 1. 34
5-IETF-All 140SK 1.175 6.373 0.935 0.18 1. 26
5-IETF-All 140SK 1.000 6.373 0.908 0.16 1.10
5-IETF-All 140SK 0.962 6.373 0.909 0.15 1.06
Mean Value* 0.615 1.468
Standard Deviation* 0.064 0.118
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Fig. 4.15 Effect of F on the Ratio P jP for I-Beamsy test comp
Subjected to End Two-Flange Loading Based on
the AISI 1981 Guide and 1986 Specification
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P IP and the yield strength, F. As discussed for the previous
test comp y
case, the equation used in the 1986 Specification is independent of Fy
but has the correction factor for thickness of material. It should be
noted that all specimens used in this case experienced a buckling type of
failure.
Based on the evaluations of the experimental data, it is obvious
that a modification of the present design criteria for web crippling is
desirable especially for the function of the yield strength, f(F ).
Y
Furthermore, it was observed during the tests that some specimens failed
by buckling in the webs instead of web crippling. The equations used to
predict the failure loads of this buckling type are independent of F .
Y
In order to improve the accuracy of prediction ,the format of web
crippling equations may be changed to reflect each individual type of




Web crippling is a type of failure caused by highly localized
compressive stress. It may result from a concentrated load and/or
reaction applied over a short length of beams. This type of loading is
usually considered to be a partial edge load for the web element.
As discussed in Section II, the theoretical analysis of web
crippling of thin-walled beams is very complicated because it involves:
1) nonuniform stress distribution under the applied load;
2) local yielding in the immediate region of load application;
3) elastic and inelastic stabilities of the web;
4) out of plane bending due to the nature of eccentric loading;
5) initial imperfection and large deformation at failure;
6) various edge restraints provided by beam flanges and the
interaction between beam flange and web element; and
7) effect of cold work on material properties.
The mathematical difficulties that arise from the above reasons do not
permit an exact or a closed-form solution for the problem of web
crippling.
The numerical method such as the finite element approach may be used
as alternative means of analysis for determining the approximate
ultimate web crippling loads of thin-walled beams. There are a large
number of publications (books, papers and reports) now available for the
use of the finite element procedures. Because the development of the
finite element computer program is not the major objective of this
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investigation, the comprehensive finite element formulations are not
reviewed in this Section.
The existing finite element program entitled "Automatic Dynamic
Incremental Nonlinear Analysis" (ADINA),58,59 which is available at UMR,
was used in this study. This program has the capability of handling both
geometrical and material nonlinearities so that the ultimate web
crippling loads may be predicted. In this investigation, hat and channel
sections with single unreinforced webs subjected to four different types
of loading conditions (IOF, EOF, ITF, and ETF) were studied analytically
by using the IlADINA" program.
ADINA is a computer program for the static and dynamic displacement
and stress analysis of solids, structures, and fluid-structure systems.
The program can be employed to perform linear and nonlinear analyses.
The program was designed to perform a linear analysis very
effectively. A nonlinear analysis can be carried out following the
linear analysis with only a relatively few input changes. This feature
is practically useful because in many cases only a nonlinear analysis is
required and it should be preceded by linear analysis.
The theory used in ADINA is summarized in Ref. 60 and additional
details on the theory with further sample solutions are given in Ref. 58.
The structural systems analyzed by using ADINA can be composed of
different finite elements. The presently available version of ADINA
program at ~m contains the following element types:
1) Three-dimensional truss element
2) Two-dimensional plane stress and plane strain element
3) Three-dimensional plane stress element
1~1
4) Two-dimensional axisymmetric shell or solid shell element
5) Three-dimensional solid and thick shell elemen~
6) Three-dimensional two-node beam element
7) Isoparametric beam element
8) Three-node pla~e/shell element
9) Isoparametric thin shell element
10) Two and three-dimensional fluid element.
The nonlinearities may be due to large displacements, large
strains, and nonlinear material behavior.
Program ADINA is an out-of-core solver, i. e., the equilibrium
equations are processed in blocks, so very large finite element systems
can be considered. Also, all structural matrices are stored in compacted
61forms , i.e., only nonzero elements are processed, resulting in maximum
system capacity and solution efficiency.
In nonlinear analysis, the finite element system response is
evaluated using an incremental solution of the equations of equilibrium.
The incremental solution schemes that can be used are an accelerated
modified Newton - Raphson iteration or the BFGS (Broyden Fletcher
Goldfarb Shanno) method. To increase the solution efficiency and, to
assure an accurate solution one can specify solution steps in which a new
effective stiffness matrix shall be formed and steps in which equilibrium
iterations are to be carried out.
In nonlinear static analysis, linear and nonlinear element groups
are defined. Damping and mass effects are neglected.
Before applying the step-by-step solution, the linear stiffness
matrix corresponding to the linear elements of the complete element
assemblage is calculated. Degrees-of-freedom that correspond to linear
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elements can be condensed out. The final linear stiffness matrix is then
adapted in preselected load steps by the stiffness matrices of the
nonlinear elements to form the current stiffness matrix. The interval of
load steps be~ween forming a new tangen~ stiffness ma~rix is inpu~ to the
program.
Depending on the nonlinear formulations and the nonlinear material
models used, and also depending on the magnitude of the load steps, the
accuracy of the solution may be significantly increased by using
equilibrium iteration. The program load steps at which equilibrium
iteration shall be performed can be defined in the input control data.
In the analysis of large structure systems, it is important to be
able to check the data read and generated by the program. For this
purpose, an option is given in which the program simply reads, generates,
and prints all data.
It can also be requested that the program reads the node points and
element data from a tape created by a pre-processor.
B. ELEMENT TYPE
The research,work presented in Refs. 35 and 62 to 64 indicated that
flat rectangular elements can be used satisfactorily in determining the
ultimate web crippling loads of hat sections under interior one-flange
loading. In this investigation, due to the availability of the ADINA
program, a 3-node flat triangular plate/shell element with an updated
lagrangian formulation has been employed for very large displacements
and rotations but small strain. As shown in Fig. 5.1, the element has
six degrees of freedom at each node, i.e., three components of









Fig. 5.1 A Fla~ Element Subjected to In-Plane and Bending Actions
STRAIN
Fig. 5.2 Stress-Strain Relationships of the Elastic-
Linear Strain Hardening Material
Fig. 5.3 Idealized Hat Sections
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by superimposing the bending and membrane parts in the current local
coordinate sys~em. For material nonlinearity, the stress-strain
relationships are treated as elastic-linear strain hardening type (Fig.
5.2) . The theore~ical developments of this ~ype of element are well
documented in Refs. 59 and 60.
Figure 5.3 shows the idealized hat sections used in this
investigation. In order to take into account the curved bend between the
web and flange, a longitudinal row of elements was introduced at the web-
flange junction.
C. PREDICTION OF ULTIMATE WEB CRIPPLING LOADS
The ADINA program with 3-node triangular plate/shell element as
discussed above was used in this study to predict the ultimate web
crippling loads of sections with single unreinforced webs. Appropriate
analytical models were selected to simulate the hat sections used in the
experimental study. In this process, due considerations were given to
the finite element modeling to best fit the following conditions involved
in the tests:
1) Hat sections were braced by strips at the lower unstiffened
flanges to prevent the webs from spreading apart during the test.
2) Wood blocks were inserted at both ends to prevent the end failure
in the case of interior one-flange loading.
3) The downward curling of the top flange of hat sections (Fig.
:3 .16) caused the bearing plate to contact the specimen only at the
tangent of the curved transition between the web and flange.
As discussed earlier, the ADINA program limits the nonlinear
material model for plate/shell element only to bilinear stress-strain
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relationships (Fig. 5.2). For the 80DK material which has a gradual
yielding type stress-strain curve (Fig. 3.2), the value of ET was assumed
to be O.3E. For the 80XF, 100XF, -140XF, and 140SK materials, the values
of ET were assumed to be zero.
The web crippling loads predicted by the finite element me~hod for
four types of loading conditions are discussed below. This study dealt
with various hat sections using different materials and dimensions. The
comparisons between the predicted ultimate web crippling loads using the
finite element method and the tested failure loads of the specimens used
in this phase of investigation are presented in Tables 5.1 to 5.4.
1. Interior One-Flange Loading:
As an example, a hat section fabricated from the 100XF sheet steel
(Table 3.1) with profile No.2 (Table 3.2a) is used. The beam is 19 in.
long and is simply supported by two 4-in. bearing plates at both ends.
It is loaded through a 2-in. bearing plate at mid-span. The 100XF
material has a perfectly elastic-plastic stress-strain relationship as
shown in Fig. 3.2.
Considering the symmetry in two directions, only one quarter of the
beam was analyzed. Figure 5.4 shows the finite element model for this
specimen with a total of 72 nodes and 112 elements. The beam was
restrained vertically at Nodes 14 to 16 for the end support and
restrained laterally at Nodes 9 to 16 to reflect the use of bracing
strips. Nodes 24, 32, 40, 48, and 56 were restrained laterally to
simulate the action of the wood block. Symmetric boundary conditions
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Fig. 5.4 Finite Element Model of a Hat Section Subjected
to Interior One-Flange Loading
Figure 5.5a shows the computed curves of lateral deformations for
nodes along the centerline of test specimen No. 3-HIOF-A21. Large
lateral deformations were observed for Nodes 41 and 33.
Because the stiffness matrix was not positive definite after the
applied load reached 3.7 kips per web, the program was termina~ed and the
ultimate web crippling load was assumed. It can be seen from Fig. 5.5a
that the stiffness at Nodes 41 and 33 diminished as the applied load
approached 3.7 kips per web. Comparing to the tested failure load of 4.3
kips per web, this model underestimated the failure load by 16%.
A comparison of the computed and measured lateral deformations
along the centerline of the interior bearing plate at several load steps
for this specimen is shown in Fig. 5.5b. It can be seen that the finite
element model shows a reasonable agreement for the middle portion of beam
web. However, for the portion of beam web just under the bearing plate
up to 1/3 of the beam depth, the measured lateral deformations are
smaller than the computed values. The degree of discrepancy tends to
increase as the load increases.
An attempt was made to improve the accuracy of prediction by
increasing the number of elements but virtually no improvement was
achieved.
The finite element method for other specimens also predicted lower
ultimate web crippling loads than the actual.tested loads. As compared
in Table 5.1, the accuracy was found to be within 21%. The average value
of the ratio of tested loads and computed loads by using the finite
element method (P IP ) for these specimens is 1.144 with thetest fin
standard deviation of 0.045.
4 NODE NO.
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LATERAL DEFLECTION, in.
Fig. 5.5a Lateral Deformation at Mid-Span of a Hat Section Subjected
to Interior One-Flange Loading (Specimen No. 3-HIOF-A21)
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Fig. 5.5b Comparison of the Computed and Measured Lateral
Deformations at Hid-Span of a Hat Section Subjected to
Interior-One Flange Loading (Specimen No. 3-HIOF-A21)
Table 5.1
Comparisons of Predicted Ultimate Loads by Finite Element Method








































The underest1mation of web crippling load may be due to the fact
that during the test, the contact point between the bearing plate and the
specimen moves toward the web as the load increases (Fig. 3.15).
However, in the finite element model, the applied load is stationary.
TIle shifting of the loading point is caused by the rotation of the web-
flange junction. As a result, the out-of-plane bending caused by the
eccentric load applied in the actual test was smaller than that used in
the finite element model. It was observed that the degree of
underestimation decreases with a reduction in the bend radius of the
specimen.
In addition to the above reason, the cold-work effect may be another
cause of underestimation. The press -brake forming results in higher
yield strength at the corners or web-flange junctions of the test
specimens. However, the material properties used in the finite element
models are those of the virgin sheet steels.
2. End One-Flange Loading:
Same as the previous case, only one quarter of the beam specimen was
analyzed. A total of 108 nodes and 175 elements were used for the finite
element model as shown in. Fig. 5.6 for the case of end one-flange
loading. The boundary conditions for this model were the same as that
for the interior one-flange loading except that wood blocks were not used
at both end supports. Load was applied vertically at Nodes 85 through 89
to accomodate the 4-in bearing plate. At Nodes 20 through 24, which was
the location of 2-in. end bearing plate, a restraint was provided for the
vertical translation.
For all specimens used for the end one-flange loading case, the
diminishing in stiffness at nodes 46 to 48 indicates failure in the webs
60












2" Bearing length under load
2" Bearing length at support
Fig. 5.6 Finite Element Model of a Hat Section Subjected
to End One-Flange Loading
Table 5.2
Comparisons of Predicted Ultimate Loads by Finite Element Method
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at the locations of end supports. The program was terminated due to
nonpositive definiteness of the stiffness matrix and the ultimate web
crippling load was assumed as done in the case of interior one-flange
loading.
A total of 15 high strength hat sections were studied in this case.
The comparisons of the predicted ultimate loads by using finite element
method and the tested failure loads are presented in Table 5.2. It can
be seen that the finite element models slightly underestimate the
ultimate web crippling loads for all specimens in this case. The
accuracy of prediction was within 23% of the actual tested loads with a
mean value of 1.153 and the standard deviation of 0.056.
Same as in the case of interior one-flange loading, the
underestimation of ultimate web crippling loads may be due to the
stationary reaction used in the finite element model and the cold-work
effect at the corners of test specimens. During the test, the contact
point between the end bearing plate and the· specimen moves toward the web
as the load increases. Under the applied load, all specimens sustain
relatively large lateral deformations and flange tip deflections at both
ends of the beam (Fig. 3.21). The rotation of the web-flange juction
causes the shifting of the contact point. Hence, the stationary reaction
used in the finite element model gives a larger out-of-plane bending due
to the eccentric force as compared with actual test. This results in
smaller calculated loads than the tested failure loads. Same as the
previous case, a better accuracy was realized for the section with
smaller bend radius.
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3. Interior Two-Flange Loading:
A total of 12 high strength hat sections were investigated for. the
case of interior two-flange loading. Figure 5.7 shows the typical finite
element model selected for this case. Due to symmetry in twO directions,
only one quarter of the specimen was analyzed. The model consisted of 63
nodes and 96 elements. Nodes 8 through 14 were restrained laterally to
reflect the use of bracing strips. Nodes 8 through 10 were treated as a
support simulating a 2-in. bearing plate which was restrained
vertically. Symmetric boundary conditions were applied along all lines
of symmetry. Load was applied vertically at Nodes 50 through 52.
The ultimate web crippling load was determined at the termination of
the program as discussed in the previous two cases. For this case, the
diminishing in stiffness at Nodes 22 and 36 was observed as the applied
load approached the maximum load.
As can be seen from Table 5.3, the predicted ultimate web crippling
loads for all specimens studied in this case are considerably lower than
the actual tested failure loads. The inaccuracy in predictions is as
high as 55% for some specimens. The average value of the ratio of
P IPf' is 1.405 with a standard deviation of 0.086.test ~n
The underestimation is caused by the same reason as discussed for
the case of interior one-flange loading. In addition, the rotation of
the web-flange junction for this case was more pronounced which resulted
in a higher degree of inaccuracy in prediction.
4. End Two-Flange Loading:
Because there is only one direction of symmetry, one half of the
specimen was analyzed for the end two-flange loading case. The typical

















1" Bearing length under load
5 6 7
Fig. 5.7 Finite Element Model of a Hat Section Subjected
to Interior Two-Flange Loading
Table 5.3
Comparisons of Predicted Ultimate Loads by Finite Element Method














































































Fig. 5.8 Finite Element Model of a Hat Section Subjected
to End Two-Flange Loading
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seen ,that a total of 72 nodes and 112 elements were employed. Nodes 9
through 16 were restrained laterally to simulate the effect of the
bracing strip used to prevent the webs from spreading out. Nodes 9
through 13 were treated as a support representing the 2-in. end bearing
plate with vertical restraint. A vertical load was applied at nodes 57
through 61 simulating the 2-in. bearing plate under the applied
concentrated load.
For all specimens used for the end two-flange loading case, the
diminishing in stiffness at Nodes 25 and 41 indicates the web failure.
The ultimate web crippling loads were determined as discussed earlier in
the previous cases.
Same as the case of interior-two-f1ange loading, a total of 12 high
strength hat sections were used in this study. Table 5.4 presents the
comparison between tested failure loads and predicted ultimate web
crippling loads calculated on the basis of the finite element method.
The mean value for the ratio of Pt t/Pf' was found to be 1.422 with aes ~n
standard deviation of 0.095. For this case, the inaccuracy is as high as
60%. The reason for this inaccuracy is basically the same as the case of
end one-flange loading. In addition. the large lateral deformation of
the web and the excessive rotation of the web-flange junction result in a
higher degree of underestimation.
In addition to the hat sections using _ high strength materials.
channel sections with relatively low yield strengths tested in the
41previous UMR study were also briefly investigated. The sarne trend of
accuracy as for the high strength hat sections was obtained for each type
of loading condition.
Table 5.4
Comparisons of Predicted Ultimate Loads by Finite Element Nethod
to Tested Failure Loads for End Two-Flange Loading
1.+0

































As mentioned at the beginning of this section, the exact or closed-
form solution for the problem of web crippling of thin-walled beams can
not be achieved due to several reasons. By using a numerical
approximation method such as the finite element approach, some of ~hese
features may be taken into account. The effects of the selected finite
element models on these problems are discussed as follows:
1) Nonuniform stress distribution - Theoretically, if the elements
are adequately small the overall stress distribution should be
fairly accurate.
2) Local yielding - Because the nonlinear material model has been
employed, the problem of local yielding in the immediate region
of load application has been considered. However, it should be
noted that the stress-strain relationship used in the finite
element model in this study is a bilinear type while some sheet
steels are gradual yielding type materials.
3) Stability - Due to the method of formulation in the ADINA
program, the theoretical initial buckling load (bifurcation
point) is by-passed. Only the ultimate or collapse load was
predicted.
4) Out-of-plane bending - This problem has bern taken into account
by applying the load along the line of transition between curved
and flat elements of the flange (Figs. 5.4 and 5.6 to 5.8).
5) Initial imperfection and large deformation - The problem of
large deformation is treated by the nonlinear geometry with
updated lagrangian formulation but the actual initial
imperfection of the specimen was not considered in the model.
6)
1, ')4-_
Interaction between flange and web - If the elements are small
enough the overall behavior along the transi~ion line should be
reasonable. It should be noted that the curved bend between the
web and flange was modeled by a longitudinal row of elements
(Fig. 5.2) which may cause some discrepancy.
7) Cold-work effect - In this investigation t the effect of cold-
work of forming was not considered in the finite element model.
Even though the finite element method does not provide excellent
agreements with the test data obtained from the experimental study of web
crippling. it seems to be a reasonable analytical tool to deal with this
problem. It should also be noted that because of the complicated
boundary conditions at the connected lines of I-beams t the web crippling
problem of such members has not been fully investigated in this
analytical study.
According to the comparisons of the predicted ultimate loads and the
tested failure loads, the underestimation of the finite element models
was realized for all loading conditions. However t for the case of
interior one-flange loading and end one flange-loading
t
the accuracy of
prediction is fairly reasonable. For the case of interior two-flange
loading and end two-flange loading t the prediction is rather
conservative. Beacuse the standard deviations of the ratios of
Ptest/Pfin for all cases (Tables 5.1 to 5.4) are relatively low and the
consistency in the prediction of the ultimate loads
t
the finite element
method may be useful in the parametric study of this type of problem.
As mentioned in Section I, the main objective of this research
project is to improve the existing design provisions and to develop new
design criteria for cold-formed steel beams subjected to web crippling
and a combination of web crippling and bending moment. Because the exact
or closed-form solution for the problem cannot be achieved analytically,
the desired design expressions have to be developed empirically. The
development of new prediction equations is discussed in the next section.
1, ,.. '+
VI. DEVELOPHENT OF NEW EQUATIONS
As discussed in Section IV, 'the present AISI provisions on web
crippling are not suitable for the sections fabricated from materials
with yield strengths beyond the limit of 80 ksi. Even 'though attempts
have been made on the modification of the function of yield strength to
accommodate this situation, comparisons of the tested and predicted
values indicate that further improvements of the function of F and they
formulation of new design equations are desirable.
This section includes the development of new equations to predict
the ultimate web crippling loads for sections with single unreinforced
webs and I-beams under four different types of loading conditions (IOF,
EOF , ITF and ETF). In the derivation of new design equations, web
crippling was distinguished by buckling failure and overstressing
(bearing) failure. The same approach has been used for the des ign of
1 . 67a um~num structures.
For the type of web crippling caused by buckling of the webs, new
equations were derived on the basis of the same nondimensional parameters
used for rectangular flat plates which are subjected to partial edge
loading. As reviewed in Section II, the important nondimensional
parameters used for plate buckling are P/Ct2E), N/h, hit and L/h. The
definitions of these terms are the same as those defined in Section II.
In deriving the equations for cold-formed steel beams, the parameter L/h
was replaced by a/h, where " "e is the clear distance between the opposite
bearing plates or the clear distance from the bearing plate to the end of
beam where applicable. By using the e/h ratio, the newly developed
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equations can be applied to either symmetric or unsymmetric loading. In
general, the form of web buckling equation for cold-formed steel beams
may be written as




where A, B, C, D, G, H, and J a!e constants to be determined empirically.
For the type of web crippling failure caused by overstressing, the
new equations were deriv~d from the basic nondimensional terms P/(t2F ),y
45Nit, and R/t. According to Baehre, the hit ratio has little or no
influence on this localized failure. In the present European
. 46 47
recommendat1ons, ' the parameter hit was not included in the web
crippling equations. The equation for web crippling caused by
overstressing was determined to be





where K, P, Q, U, and V are empirical constants.
. 68 69A nonlinear least squares regress10n ' was used in determining
the constants for the empirical formulas (Eqs. (6.lb) and (6.2b)). As
the first step, ~ll constants were guessed and the sum of squares of
error was calculated. An iteration process was then carried on until the
least sum of squares of error was achieved.
New equations presented herein were developed on the basis of





Previous Cornell and UMR tests reported in Ref. 41
b L ' 44Recent UMR tests conducted y 1n
New tests using high strength sheet steels conducted in the
presen~ phase of study
The overall ranges of parameters used in this s~udy are shown below.
Parameter
Thickness of specimen, in.













All test data obtained from previous research work that are used in
the development of new equations are given in Appendix C. Comparisons
between the tested failure loads and predicted loads for the data used to
derive each individual equation are presented in Appendix C. The
developments of new equations for each case are discussed as follows:
A. SINGLE UNREINFORCED WEBS
1. Interior One-Flange Loading:
a. Overstressing Failure: The equation to predict the ultimate
loads for this case is intended to apply for both interior one-flange
loading and interior two-flange loading. A total of 74 test data (Table
D1) were used to develop this equation. All the data used for this case
were selected in such a way that the ratio of actual moment to the
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ultimate bending moment capacity, M/M , was less than 0.3. It was found
u
45from previous research work by Baehre that when this moment ratio is
less than 0.3 there was little or no interaction between web crippling
and bending moment. The empirical equation was then determined to be
P = 7.8t2F (1+.217 ~N/t)(1-.0814(R/t))
cy y
with (1+.217 ~N/t) ~ 3.17 and (1-.0814(R/t)) ~ 0.43.
(6.3)
The ranges of parameters used in the derivation of Eq. (6.3) are
Parameter Range







Because all of the test specimens in this case with yield strengths
beyond 77 ksi failed by web buckling, Eq. (6.3) was derived from the test
data with yield strengths up to 77 ksi.
b. Buckling Failure: The equation to determine the ultimate web
buckling loads under interior one-flange loading was derived from 72 test
data (Table D2). The ultimate web crippling load caused by web buckling
can be calculated from
= 0.028t
2E(1+2.4(N/h))(1-.0017(h/t))(1-.12(e l /h)) (6.4)
with (1+2.4(N/h)) ~ 1.96, (1-.0017(h/t)) ~ 0.81 and (1-.12(e1/h)) ~ 0.40.
The ranges of parameters used in the derivation of Eq. (6.4) are
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Parameter Range
Thickness of specimen, in. 0.046 - 0.065
hit 44 - 254
Nih 0.1 - 0.7
e 1/ h
0.75 - 2.50
The smaller value of Pcy and Pcb calculated from Eqs. (6.3) and
(6.4), respectively, is the governing value for web crippling load.
2. End One-Flange Loading:
Same as the previous case, web crippling failure is distinguished
into overstressing and web buckling.
a. Overstressing Failure: A total of 61 test data (Table D3) were
used in the development of Eq. (6.5).
')
P = 9.9t-F (1+.0122(N/t))(1-.247(R/t))cy y
with (1+.0122(N/t) ~ 2.22 and (1-.247(R/t)) ~ 0.32.
(6.5)
The ranges of parameters used in the derivation of Eq. (6.5) are
Parameter








b. Buckling Failure: For the type of web crippling failure caused
by buckling in the web, the empirical expression was determined from 27
test data (Table D4). This equation is
Pcb = 20.028t E(1-.00348(h/t))(1-.298(e1/h)) (6.6)
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with (1-.00348(h/t)) > 0.32 and (1-.298(el/h)) > 0.52. The parameter Nih
was also considered in determining this equation but the influence of
this ratio on the buckling load is minimal.
The ranges of parameters used in the derivation of Eq. (6.6) are
Parameter








The smaller value of P
cy and Pcb determined from Eqs. (6.5) and
(6.7), respectively, governs the design.
3. Interior Two-Flange Loading:
The ultimate web crippling load under interior two-flange loading
can be determined as follows:
a. Overstressing Failure: The ultimate web crippling load under
interior two-flange loading caused by overstressing can be calculated
from the sarne equation used for the case of interior one-flange loading
(Eq. (6.3)) as discussed in Section A.3.a.
b. Buckling Failure: A total of 50 test data (Table DS) were used





with (1+0.729(N/h)) ~ 1.30, (1-0.0000141(h/t)2) > 0.44 and
(1+4.S47(e3/h)) ~ 7.82.
The ranges of parameters used in the derivation of Eq. (6.7) are
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Parameter Range
of specimen, in. 0.046 - 0.065Thickness
hit 44 - 258
Nih 0.1 - 0.7
e3/h 0.25 - 1.55
The predicted ultimate web crippling load is the smaller value of
P and P determined from Eqs. (6.3) and (6.7), respectively.
cy cb
4. End Two-Flange Loading:
For this case, only buckling failure was observed and Pcb can be
calculated from
?
Pcb = 0.011t-E(1+.54(N/ h))(1-.00245(h/t))(1+.56(e3/h)) (6.8)




Equation (6.8) was developed on the basis of 74 test data (Table 06)
with the ranges of parameters given below:
Parameter Range
Thickness of specimen, in. 0.046
- 0.088
hit 32 - 260
Nih 0.1 - 0.7
e3/h 0.25 - 2.89.
B. I -BEAMS
As discussed in Section III, some I -beam. specimens developed a
premature failure caused by the rotation of the flanges about the
connection line. This incident was avoided by connecting flanges to
bearing plates. Because of this reason, the new equations developed to
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predict the ultimate web crippling loads for I-beams may be applied only
to I-beams having flanges connected to bearing p13~es except for interior
one-flange loading.
1. Interior One-Flange Loading:
Same as the case of beams having single webs, web crippling is
distinguished into overstressing and web buckling failure.
a. Overstressing Failure: For this case, it was found that Eq.
(3.4.7b2) of the AISI 1981 Guide3 can provide good agreement with the
test data. Because it has the desired form of nondimensional parameters,
Eq. (6.9) below was selected. This equation will also be applied for the
case of interior two-flange loading.
(6.9)
with (1+.217 v'N/t) S 3.17. It should be noted that this function of Nit
is the same as that used for sections with single webs (Eq. (6.3)).
b. Buckling Failure: The equation to determine the ultimate web
crippling load caused by buckling in the web (Eq. (6.10)) was derived
from 39 test data (Table 07)
= 0.032t
2E(1+1.318(N/h))(1-.00471(h/t)) (6.10)
with (1+1.318(N/h)) ~ 1.53 and (1-.00471(h/t)) S 0.95.
The ranges of parameters used in the derivation of Eq. (6.10) are
Parameter Range







of P and pcbdetermined from Eqs. (6.9) and
e sma er va ue cy
(6.10), respectively, governs the design.
2. End One-Flange Loading:
For I-beams under end one-flange loading, only web buckling failure
was observed. The equation to predict the ultimate load was developed on




with (1-.OOl18(h/t)) ~ 0.82 and (1-.233(e1/h)) ~ 0.58. The parameter Nih
was also considered in deriving this equation but the effect of this
ratio on the buckling load was found to be minimal.
The ranges of parameters used in the derivation of Eq. (6.11) are
Parameter Range
Thickness of specimen, in. 0.046 - 0.108
hit 48 - 255
Nih 0.1 - 0.7
e1/h 1.30 - 2.22
3. Interior Two-Flange Loading:
Same as the case of interior one-flange loading, web crippling is
distinguished into overstressing failure and web buckling failure.
a. Overstressing Failure: As discussed in Section B.1.a, Eq.
(6.9) which is used for the case of interior-one flange loading, can also
be applied for this case. This condition is consistent with single
unreinforced webs.
b. Buckling Failure: For failure caused by web buckling, the





with (l+4(N/h) ) ~ 2.69, (l-.0060(h/t)) ~ 0.46, and (l+.109(e3/h)) <
1.22.
Equation (6.12) was developed based on 47 test data (Table D9) with
the ranges of parameters below
Parameter Range
Thickness of specimen, in. 0.046
- 0.088
hit 43 - 260
Nih 0.1 - 0.7
e 3/ h 0.91 - 1.57.
The predicted failure load is the smaller value of Pcy and Pcb
calculated from Eqs. (6.9) and (6.12), respectively.
4. End Two-Flange Loading:
Same as the case of end one-flange loading, there is only web




with (1-.00170(h/t)) ~ 0.66 and (1+1.262(N/h)1.5 5 1.82.
(6.13 )
The ranges of parameters used in the derivation of Eq. (6.13) are
Parameter Range
Thickness of specimen, in. 0.046 0.148
hit 27 - 266
Nih 0.1 - 0.7
e3/h 1.51 - 4.03.
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C. COHBINED BENDING AND WEB CRIPPLING
When the ratio of actual moment to the ultimate bending moment
capacity, M/M , is larger than 0.3, there is a significant interaction
u
between web crippling load and bending moment. The design procedure
recommended in the 1986 AISI Specification6 was reviewed in Section II.
The current practice uses interaction formulas between bending moment
ratio, M/M , and web crippling load ratio, PIP. Interaction equations
u c
in the form of various stress ratios have been widely used in the
. ft' d 70a1rcra 1n ustry ..
In this study, other different forms of interaction equation were
considered. Because the web element under the bearing plate is subjected
to the vertical bearing stress and the horizontal compressive bending
stress, stress ratios were used in the derivation of interaction
equations. In this regard, two forms of equations were considered in
Eqs. C6. 14) and C6. 15) :




where fb = actual compr~ssive bending stress at the junction of flange
and web, ks i.
Fbwu = maximum compressive stress in the flat web of beam due to
bending, ksi. According to the 1980 AISI Specification,S
Fbwu = (1.21-0.00034(h/t) ..fF:.)F .y y
f c = actual average bearing stress in the web under the bearing
plate, ksi.
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F = yield strength, ksi.y
A,B,C,n = constants which are determined empirically.
The actual average bearing stress in the web, f , can be expressed as
c
f = P I(N t)
c mc e
in which
P = predicted ultimate load for combined bending and web
mc
crippling, kips.
N = effective bearing width, in ..
e
(6.16)
The effective bearing width, N , is considered as the width required to
e
develop a uniform stress equal to the yield stress such that the total
applied load on this "effective width" is equal to the ultimate web
crippling load under the overstress ing (bearing) type failure, P ,
cy
determined from Eqs. (6.3) or (6.9) where applicable. In other words,
N = P I (F t)
e cy y (6.17)
For the convenience of calculation, by substituting f and N from
c e
Eqs. (6.16) and (6.17) into Eqs. (6.14) and (6.15), the load ratio
(P IP ) may be used in place of f IF as
mc cy c Y




As discussed earlier, the interaction equations used in the 1986
AISI Specification are expressed in terms of moment and load ratios. In
this study, simpler equations were also developed as an alternative to
the one using stress ratios. This equation can be written as
lSb
(6.20)
mus~ be checked against Pcb of the interior one-flange loading case.
in which
M = applied bending moment at or immediately adjacent to the
poin~ of application of the concentra~ed load or reac~ion.
P , kip-in.
mc
M = ultimate bending moment if bending moment only exists, kip-in.
u
P and P were defined previously.
mc cy
It should be noted that the predicted combined bending and web
crippling load, P ,determined either from Eq. (6.18), (6.19), or (6.20)
mc
The
smaller value between these predicted loads governs the design.
The newly developed interaction equations for combined bending and
web crippling for each type of sections are as follows:
1. Shapes Having Single Webs:
Three equations in the form of Eqs. (6.18), (6.19), and (6.20) were
derived for sections with single unreinforced webs. A total of 47 test
data obtained from Ref. 41 were used in the derivation. The measured
dimens ions and important paramaters for this group of test data are
listed in Tables C3 and C8, respectively. These new equations are as
follows:
(fb/Fb ) + 1.05(P jP ) < 1. 34 (6.21)wu mc cy
2 (P jP )1.5(fb/Fbwu) + ~ 1.0 (6.22)mc cy
(M/M ) + 1.10(P jP ) < 1.42 (6.23)u me cy
where Pcy can be calculated from Eq. (6.3). Tables D11 to D13 present
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the comparisons between P and P calculated according to Eqs.test mc
(6.21), (6.22), and (6.23), respectively. The above three equations are
plotted along with the corresponding test data in Figs. 6.1 and 6.2. The
value of Pmc determined either from Eq. (6.21), (6.22), or (6.23) should
not be larger than Pcb which is calculated from Eq. (6.4).
It should be noted that Fbwu in Eqs. (6.21) and (6.22) should be
determined according to the 1980 AISI Specification as discussed
earlier. The ultimate bending moment, M, in Eq. (6.23) should be
u
calculated based on the 1986 Specification.
2. I-Beams:
For I-beams, 71 test data (Tables C5 and C10) obtained from Ref. 41
were used in the development of interaction equations. The ultimate load
for combined bending moment and web crippling, P , can be calculated
mc
according to the following equations:
(fb/Fbwu) + 0.92(P IP ) ~ 1.10 (6.24)mc cy
(fb/Fbwu) + (P IP )1. 65 S 1.0 (6.25 )mc cy
(M/M ) + 1.07(P IP ) < 1. 28 (6.26)
u mc cy
where P is determined from Eq. (6.9). The predicted load for combined
. cy
bending and web crippling, P , which is calculated either from Eq.
mc
(6.24), (6.25), or (6.26) should be checked against Pcb determined by Eq.
(6.10).
design.
The smaller value between these predicted loads governs the
Tables D14 to D16 present the comparisons between P and Ptest mc
determined from Eqs. (6.24), (6.25), and (6.26), respectively. Figures


















Fig. 6.1 Interaction Equations for Combined Bending and Web
Crippling of Sections with Single Unreinforced Webs































Fig. 6.2 Interaction Equations for Combined Bending and Web
Crippling of Sections with Single Unreinforced Webs
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Fig. 6.3 Interaction Equations for Combined Bending and Web
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Fig. 6.4, In~eraetion Equations for Combined Bending and Web
Crippling of I-Beams Using Bending Moment Ratio
Similar to shapes having single webs, Fb in Eqs. (6.24) and (6.25)wu
should be determined based on the 1980 AISI Specification while M in Eq.
u
(6.26) should be calculated according to the 1986 Specification.
D. PROPOSED DESIGN RECmmENDATIONS
Based on the equations developed in Sections A, B, and C, new design
formulas are proposed in this section to prevent possible failure modes
concerning web crippling and a combination of web crippling and bending
moment. The following design equations predict the ultimate strengths
without applying any factor of safety. They provide transition equations
for four different basic loading conditions (IOF, EOF, rTF, and ETF).
1. Concentrated Loads and Reactions:
The ultimate strengths of unreinforced beam webs subjected to
concentrated loads or reactions can be estimated by the equations given
in Table 6.1 for beams having single webs and in Table 6.2 for I-beams
with flanges connected to bearing plates. The equations apply to beams
when F ~ 190 ksi, hit ~ 200, Nit ~ 100, Nih ~ 2.5, and R/t ~ 10.
Y
The design equations for web crippling listed in Tables 6.1 and 6.2
are categorized into nine cases depending on the values of e and Z (Figs.
6.5a and 6.5b). The equations used for Cases 1, 2,4, and 5 were derived
from the test data obtained from four basic loading conditions classified
as end one-flange loading, interior one-flange loading, end two-flange
loading, and in~erior two-flange loading, respectively. Cases 3, 6, 7,
8, and 9 represent the transitions between four basic loading conditions
and can be determined by using simple interpolation.
The symbols used in Tables 6.1 and 6.2 are defined as follows:
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Table 6.1
Ultimate Concentrated Loads and Reactions for
Shapes Having Single Unreinforced Webs
1) Z = 0: (P
e
)1 is the smaller of P
ey and Peb where
"Pey = 9.9t~FyC11c21(sin 0)
Peb = 0.047t2EC41cS1(sin 0)
(6.27)
(6.28)
2) Z ~ O.sh: (P
c
)2 is the smaller of P and Pcb wherecy
P = 7. SOt2FyC12C22 (sin 0) (6.29)cy




II e ~ .5h
I
4) Z = 0: (Pc )4 = Pcb where
Pcb = O.011t2Ec33c43c73(sin 0) (6.31)
e = 0 5) Z ~ .sh: (P )~ is the smaller of P and Peb wheree .J ey
P = 7.St2FyC12c22(Sin 0) (6.32)1cy I




Note: Allowable load = Ultimate load/Factor of safety
Table 6.2
Ultimate Concentrated Loads and Reactions for
I-Beams with Unreinforced Webs
1) Z = 0: (Pc)l = Pcb where
2Pcb = 0.063t Ec4S c5S
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(6.34)
e ~ .Sh 2) Z ~ O.Sh: (Pc )2 is the smaller of P and Pcb wherecy
2 (6.35)P = 1St Fyc12cy
Pcb
2 (6.36)= 0.032t Ec36c46
4) Z =0: (Pc )4 = Pcb where
"Pcb = 0.01St-Ec37~47 (6.37)
e = 0 5) Z > .Sh: (Pc)S is the smaller of P and Pcb wherecy
P 2 (6.38)= 1St FyC l2cy
.,
Pcb = O.OSlt-Ec38c48c68 (6.39)
o < e < .Sh = (P )5 + ((P ),,-(P )S)(e/.5h)
c c.. c
Note: Allowable load = Ultimate load/Factor of safety
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e =clear distance between edges of the adjacent opposite bearing
plates, in .. For reactions or concentrated loads on
cantilevers, see Fig. 6.5a. For interior concentrated load
shown in Fig. 6.5b, e is ~aken as the smaller value of e 1 and
e 2 ·
F =yield strength of the web, ksiy
h =clear distance between flanges measured along the plane of
web, in.
N=actual length of bearing, in.
P =governing ultimate web crippling load, per web, kips
c
Pcb =web crippling load caused by buckling, per web, kips
P =web crippling load caused by bearing, per web, kips
cy
R = inside bend radius, in.
t =web thickness, in.
Z =distance between the edge of the bearing plate to the near end
of the beam, in .. See Figs. 6.5 and 6.6.
Zl =distance be~ween the edge of the bearing plate to the far end
of the beam, in.. See Figs. 6.5.
a = angle between the plane of web and the plane of bearing
surface ~ 45 but no more than 90, degrees
c ll = 1+.0l22(N/t) ~ 2.22
c 12 =1+.2l7(N/t)·5 ~ 3.17
c2l =1-.247(R/t) ~ 0.32
c 22 = 1-.0814(R/t) ~ 0.43
c32 = 1+2.4(N/h) ~ 1.96
c33 = 1+.54(N/h) .s. 1.41
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c34 = 1+.729 (N/h) ~ 1.30
c 36 = 1+1.318(N/h) s.. 1.53
c37 = 1+1. 262 (N/h) 1. 5 < 1. 82
c38 = 1+4(N/h)3 ~ 2.69
c41 = 1-.00348(h/t) ~ 0.32
c42 = 1-.00170(h/t) < 0.81
c43 = 1-.00245(h/t) ~ 0.51
ry
c44 = 1-.0000141(h/t)~ ~ 0.44
c45 = 1-.001l8(h/t) < 0.82
c46 = 1-.00047l(h/t) 5 0.95
c47 = 1-.0017(h/t) ~ 0.66
c48 = 1-.0060(h/t) > 0.46
cS1 = 1-.298(e/h) ~ 0.52
cS2 = 1-.120(e/h) ~ 0.40
cSS = 1-.233(e/h) ~ 0.58
c64 = 1+4.547(Z/h) ~ 7.82
c68 = 1+0.109(Z/h) < 1.22
c73 = 1+.56(Zl/h) < 1. 98
For uniform loading, the distance "e" should be considered as
follows:
1) For end reactions, e is taken as half of the clear distance
between the adj acent bearing plates ,. see Fig. 6. 6a, i. e., e =
L /2.
n
2) For interior reactions (Fig. 6. 6b), e is taken as the larger
value of L
n1 /2 and Ln2/2.
It should be noted that the above criteria proposed for beams


























e = L /2
n
Fig. 6.6a Definitions of e and Z for End Reactions of Beams
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Fig. 6.6b Definitions of e and Z for Interior Reactions of Continuous
Beams Supporting Uniformly Distributed Loads
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was intended to make it compatible with the case of beams supporting
concentrated loads. Therefore, some modification may be needed when the
test data are available.
2. Combined Bending and Web Crippling:
Unreinforced flat webs of shapes subjected to a combination of
bending and reaction or concentrated load shall be designed to meet the
following requirements:
a. Shapes Having Single Webs:
(M/M ) + 1.10(P jP ) ~ 1.42
u mc cy (6.40)
where M= applied bending moment, at or immediately adjacent to the
point of application of the concentrated load or reaction,
P , kip-in.
mc
M =ultimate bending moment permitted if bending moment only
u
exists, kip-in.
P = concentrated load or reaction in the presence of bendingmc
moment, kips
P = concentrated load or reaction in the absence of bendingcy
moment determined from Eq. (6.29), kips
The value of P determined from Eq. (6.40) shall not be larger ~han
mc
Pcb calculated from Eq. (6.30).
Equation (6.40) has the same form of equation as used in the current
AISI Specification6 except that the proposed method uses P instead of
cy
P. In addition, the calculated ultimate load for combined bending and
c
web crippling must be checked against the calculated web buckling load
It should be noted that the current Specification does not
distinguish web crippling failure into overstressing and buckling.
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b. I-Beams:
(M/M ) + 1.07(P IP ) ~ 1.28
u mc cy
where P shall be determined from Eq. (6.35).
cy
(6.41)
The value of P
w~
determined from Eq. (6.41) shall not be larger than Pcb calculated from
Eq. (6.36). Mand M are defined in Section 1 above.
u
The difference between the current method and the proposed method is
the same as discussed for the case of single unreinforced webs.
E. COMPARISONS TO TEST DATA
The proposed design methods were used to predict the ultimate web
crippling loads and to compare with the test results. The test data used
in this comparison are the same as those evaluated in Section IV.
1. Present UMR Tests:
Tables 6.3 through 6.10 present the comparisons of tested and
predicted failure loads for the specimens used in this phase of
investigation. The symbols used in these Tables are defined as follows:
P = Tested failure load per web, kips.test
P = Predicted load caused by overstressing, kips.cy
Pcb = Predicted load caused by web buckling, kips.
P = Predicted load for combined bending and web crippling,
mc
kips.
P = Ultimate web crippling load which is the smaller of P
comp cy'
P and P b' kips.mc c
P IP = Ratio of tested and predicted ultimate loads.test comp
By comparing these tables with the corresponding tables included in
Section IV, it can be seen that a significant improvement was achieved in
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Table 6.3
Comparisons of Tested and Predicted Failure Loads for
Hat Sections Subjected to Interior One-Flange Loading
Based on the Proposed Oesign Recommendations
Specimen Material P P P Pcb P P jPtest cy me camp test camp
No.
I-HIOF-All 800K 1.425 1.512 1.404 2.478 1.404 1.01
I-HIOF-AI2 800K 1.400 1.512 1.400 2.476 1.400 1. 00
I-HIOF-A21 800K 1.465 1.488 1.465 2.466 1.465 1.00
I-HIOF-A22 800K 1.465 1.488 1.465 2.465 1.465 1.00
1-HIOF-A31 800K 1.450 1.488 1.488 2.457 1.488 0.97
1-HIOF-A32 800K 1.500 1.488 1.488 2.458 1.488 1.01
2-HIOF-All 80XY 5.400 7.654 5.755 7.136 5.755 0.94
2-HIOF-A12 80XF 5.365 7.431 5.690 7.153 5.690 0.94
2-HIOF-A21 80XF 5.740 7.431 6.260 7.158 6.260 0.92
2-HIOF-A22 80XF 5.700 7.431 6.262 7.162 6.262 0.91
2-HIOF-A31 80XF 6.265 7.505 6.705 7.171 6.705 0.93
2-HIOF-A32 80XF 6.375 7.505 6.710 7.174 6.710 0._95
3-HIOF-All 100XF 4.290 5.625 4.466 4.105 4.105 1.05
3-HIOF-A12 100XF 4.300 5.935 4.603 4.108 4.108 1. 05
3-HIOF-A21 100XF 4.290 5.935 5.012 4.099 4.099 1. 05
3-HIOF-A22 100XF 4.265 6.012 5.057 4.102 4.102 1.04
3-HIOF-A31 100XF 4.325 6.246 5.427 4.103 4.103 1.05
3-HIOF-A32 100XF 4.350 5.857 5.200 4.098 4.098 1.06
4-HIOF-All 140XF 2.720 4.998 3.748 2.370 2.370 1.15
4-HIOF-A12 140XF 2.600 5.157 3.819 2.373 2.373 1.10
4-HIOF-A21 140XF 2.725 4.521 3.811 2.375 2.375 1.15
4-HIOF-A22 140XF 2.740 4.601 3.864 2.379 2.379 1.15
4-HIOF-A31 140XF 2.700 4.918 4.167 2.358 2.358 1.14
4-HIOF-A32 140XF 2.630 4.839 4.123 2.358 2.358 1.12
4-HIOF-A13 140XF 2.490 3.482 2.956 2.343 2.343 1.06
4-HIOF-A14 140XF 2.475 3.482 2.961 2.343 2.343 1.06
4-HIOF-A23 140XF 2.625 3.482 3.205 2.394 2.394 1.10
4-HIOF-A24 140XF 2.665 3.482 3.209 2.395 2.395 1.11
4-HIOF-A33 140XF 2.575 3.482 3.256 2.349 2.349 1.10
4-HIOF-A34 140XF 2.610 3.482 3.252 2.349 2.349 1.11
5-HIOF-All 140SK 2.365 3.925 3.305 2.251 2.251 1.05
5-HIOF-AI2 140SK 2.325 3.925 3.301 2.250 2.250 1.03
5-HIOF-A21 140SK 2.500 3.925 3.515 2.258 2.258 1.11
5-HIOF-A22 140SK 2.535 3.925 3.511 2.255 2.255 1.12
5-HIOF-A31 140SK 2.465 3.925 3.618 2.257 2.257 1.09
5-HIOF-A32 140SK 2.435 3.925 3.621 2.260 2.260 1.08
3-HIOF-Oll 100XF 4.363 5.827 4.810 5.024 4.810 0.91
3-HIOF-Ol2 100XF 4.275 5.827 4.820 5.024 4.820 0.89
3-HIOF-Cll lOOXF 4.225 5.827 4.735 4.858 4.735 0.89




Comparisons of Tested and Predicted Failure Loads for
Hat Sections Subjected to Interior One-Flange Loading
Based on the Proposed Design Recommendations
Specimen Mat:erial P . P P Pcb P P IPteSl: cy mc comp test comp
No.
3-HIOF-Bll 100XF 4.150 5.827 4.662 4.693 4.662 0.89
3-HIOF-B12 100XF 4.188 5.827 4.663 4.693 4.663 0.90
3-HIOF-D21 100XF 4.375 5.827 5.298 5.024 5.024 0.87
3-HIOF-D22 100XF 4.325 5.827 5.288 5.024 5.024 0.86
3-HIOF-C21 100XF 4.175 5.827 5.186 4.858 4.858 0.86
3-HIOF-C22 100XF 4.150 5.827 5.187 4.858 4.858 0.85
3-HIOF-B21 100XF 4.100 5.827 5.111 4.693 4.693 0.87
3-HIOF-B22 100XF 4.063 5.827 5.129 4.693 4.693 0.87
3-HIOF-D31 100XF 4.500 5.827 5.579 5.024 5.024 0.90
3-HIOF-D32 100XF 4.400 5.827 5.583 5.024 5.024 0.88
3-HIOF-C31 100XF 4.188 5.827 5.477 4.858 4.858 0.86
3-HIOF-C32 100XF 4.200 5.827 5.478 4.858 4.858 0.86
3-HIOF-B31 100XF 4.087 5.827 5.419 4.693 4.693 0.87
3-HIOF-B32 100XF 4.250 5.827 5.420 4.693 4.693 0.91
5-HIOF-Dll 140SK 2.450 3.925 3.436 2.516 2.516 0.97
5-HIOF-D12 140SK 2.500 3.925 3.421 2.516 2.516 0.99
5-HIOF-Cll 140SK 2.475 3.925 3.364 2.433 2.433 1. 02
5-HIOF-C12 140SK 2.400 3.925 3.359 2.433 2.433 0.99
5-HIOF-Bll 140SK 2.587 3.925 3.350 2.350 2.350 1.10
5-HIOF-B12 140SK 2.600 3.925 3.332 2.350 2.350 1.11
5-HIOF-D21 140SK 2.587 3.925 3.642 2.516 2.516 1. 03
5-HIOF-D22 140SK 2.500 3.925 3.649 2.516 2.516 0.99
5-HIOF-C21 140SK 2.537 3.925 3.570 2.433 2.433 1.04
5-HIOF-C22 140SK 2.613 3.925 3.578 2.433 2.433 1. 07
5-HIOF-B21 140SK 2.537 3.925 3.528 2.350 2.350 1. 08
5-HIOF-B22 140SK 2.600 3.925 3.538 2.350 2.350 1.11
s-HIOF-D31 140SK 2.688 3.925 3.761 2.516 2.516 1. 07
5-HIOF-D32 140SK 2.712 3.925 3.758 2.516 2.516 1. 08
5-HIOF-C31 140SK 2.675 3.925 3.685 2.433 2.433 1.10
5-HIOF-C32 140SK 2.650 3.925 3.682 2.433 2.433 1. 09
5-HIOF-B31 140SK 2.762 3.925 3.636 2.350 2.350 1.18





Comparisons of Tested and Predic.ted Failure Loads for
Hat Sections Subjected to End One-Flange Loading
Based on the Proposed Design Recommendations
Specimen Material P P Pcb P P IPtest cy comp test comp
No.
1-HEOF-All 80DK 0.719 0.766 1. 374 0.766 0.94
1-HEOF-A12 80DK 0.700 0.766 1. 374 0.766 0.91
1-HEOF-A21 80DK 0.694 0.766 1.230 0.766 0.91
I-HEOF-A22 80DK 0.688 0.766 1.233 0.766 0.90
1-HEOF-A31 80DK 0.669 0.766 1.114 0.766 0.87
1-HEOF-A32 80DK 0.643 0.766 1.113 0.766 0.84
2-HEOF-All 80XF 2.919 3.109 4.494 3.109 0.94
2-HEOF-A12 80XF 2.981 3.109 4.508 3.109 0.96
2-HEOF-A21 80XF 2.994 3.109 4.388 3.109 0.96
2-HEOF-A22 80XF 3.125 3.147 4.388 3.147 0.99
2-HEOF-A31 80XF 2.713 3.109 4.262 3.109 0.87
2-HEOF-A32 80XF 2.825 3.109 4.250 3.109 0.91
3-HEOF-All 100XF 2.050 2.489 2.571 2.489 0.82
3-HEOF-A12 100XF 2.106 2.489 2.578 2.489 0.85
3-HEOF-A21 100XF 2.006 2.489 2.460 2.460 0.82
3-HEOF-A22 100XF 2.075 2.489 2.451 2.451 0.85
3-HEOF-A31 100XF 1.894 2.489 2.321 2.321 0.82
3-HEOF-A32 100XF 1.869 2.489 2.321 2.321 0.81
4-HEOF-All 140XF 1. 313 1.802 1.320 1.320 0.99
4-HEOF-A12 140XF 1.300 1.794 1. 291 1.291 1. 01
4-HEOF-A21 140XF 1. 219 1. 794 1.180 1.180 1. 03
4-HEOF-A22 140XF 1.125 1.794 1.178 1.178 0.96
4-HEOF-A31 140XF 1.088 1. 794 1.064 1.064 1. 02
4-HEOF-A32 140XF 1.063 1.802 1.063 1.063 1. 00
S-HEOF-All 140SK 1. 295 2.025 1.239 1. 239 1. 05
5-HEOF-A12 140SK 1.285 2.025 1.234 1.234 1. 04
S-HEOF-A21 140SK 1.200 2.025 1.126 1.126 1. 07
5-HEOF-A22 140SK 1. 178 2.025 1.122 1.122 1. 05
S-HEOF-A31 140SK 1. 050 2.025 1.007 1.007 1. 04





Comparisons of Tested and Predicted Failure Loads for
Hat Sections Subjected to Interior Two-Flange Loading
Based on the Proposed Design Recommendations
Specimen Material P p Pcb P P IPtest cy comp tes"t comp
No.
1-HITF-All 80DK 1.650 1.372 2.648 1.372 1. 20
1-HITF-AI2 80DK 1.625 1.372 2.648 1.372 1.18
I-HITF-A21 SODK 1. 650 1.372 2.509 1.372 1.20
I-HITF-A22 80DK 1.625 1.372 2.502 1.372 1.18
1-HITF-A31 80DK 1.600 1.372 2.307 1.372 1.17
1-HITF-A32 80DK 1.625 1.372 2.313 1.372 1.18
2-HITF-All 80XF 6.875 7.279 9.916 7.279 0.94
2-HITF-AI2 80XF 6.900 7.279 9.916 7.279 0.95
2-HITF-A21 80XF 6.875 7.279 9.638 7.279 0.94
2-HITF-A22 80XF 6.800 7.279 9.592 7.279 0.93
2-HITF-A31 80XF 6.875 7.279 9.318 7.279 0.94
2-HITF-A32 80XF 6.900 7 .279 9.336 7.279 0.95
3-HITF-All 100XF 5.050 5.827 5.179 5.179 0.98
3-HITF-AI2 100XF 5.150 5.827 5.229 5.229 0.98
3-HITF-A21 100XF 4.850 5.827 5.091 5.091 0.95
3-HITF-A22 100XF 4.800 5.827 5.091 5.091 0.94
3-HITF-A31 100XF 4.800 5.827 4.875 4.875 0.98
3-HITF-A32 100XF 4.700 5.827 4.875 4.875 0.96
5-HITF-All 140SK 2.950 3.691 2.486 2.486 1.19
5-HITF-A12 140SK 3.000 3.691 2.486 2.486 1. 21
5-HITF-A21 140SK 2.775 3.691 2.404 2.':"04 1. IS
5-HITF-A22 140SK 2.750 3.691 2.390 2.390 1.15
5-HITF-A31 140SK 2.625 3.691 2.185 2.185 1.20
5-HITF-A32 140SK 2.613 3.691 2.174 2.174 1.20




Comparisons of Tested and Predicted Failure Loads for
Hat Sections Subjected to End Two-Flange Loading
Based on the Proposed Design Recommendations
Specimen Material P P Pcb P P jPtest cy camp test camp
No.
1-HETF-All 80DK 0.725 1. 372 0.775 0.775 0.94
1-HETF-A12 80DK 0.713 1. 372 0.770 0.770 0.93
1-HETF-A21 80DK 0.725 1. 372 0.676 0.676 1. 07
1-HETF-A22 80DK 0.725 1. 372 0.673 0.673 1. 08
1-HETF-A31 80DK 0.650 1. 372 0.603 0.603 1. 08
1-HETF-A32 80DK 0.662 1. 372 0.603 0.603 1.10
2-HETF-All 80XF 2.825 7.279 3.043 3.043 0.93
2-HETF-A12 80XF 2.787 7.279 3.043 3.043 0.92
2-HETF-A21 80XF 2.700 7.279 2.717 2.717 0.99
2-HETF-A22 80XF 2.650 7.279 2.717 2.717 0.98
2-HETF-A31 80XF 2.425 7.279 2.489 2.489 0.97
2-HETF-A32 80XF 2.400 7.279 2.493 2.493 0.96
3-HETF-All 100XF 1.525 5.827 1.578 1.578 0.97
3-HETF-A12 100XF 1.600 5.827 1.573 1. 573 1. 02
3-HETF-A21 100XF 1.413 5.827 1.396 1.396 1. 01
3-HETF-A22 100XF 1.487 5.827 1.399 1.399 1. 06
3-HETF-A31 100XF 1.300 5.827 1.261 1.261 1. 03
3-HETF-A32 100XF 1. 312 5.827 1.266 1.266 1.04
5-HETF-All 140SK 0.750 3.691 0.739 0.739 1. 01
5-HETF-A12 140SK 0.762 3.691 0.741 0.741 1. 03
5-HETF-A21 140SK 0.675 3.691 0.641 0.641 1. 05
5-HETF-A22 140SK 0.700 3.691 0.641 0.641 1. 09
5-HETF-A31 140SK 0.612 3.691 0.576 0.576 1. 06
5-HETF-A32 140SK 0.600 3.691 0.577 0.577 1. 04




Comparisons of Tested and Predicted Failure Loads for
I-Beams Subjected to Interior One-Flange Loading
Based on the Proposed Design Recommendations
Specimen Material P p Pcb P P 'Ptest cy comp test! comp
No.
l-IIOF-All 80DK 2.450 4.487 2.886 2.886 0.85
l-IIOF-A12 80DK 2.400 4.487 2.886 2.886 0.83
1-IIOF-A21 80DK 2.625 4.487 2.886 2 . .886 0.91
1- IIOF-A22 80DK 2.450 4.487 2.886 2.886 0.85
l-IIOF-A31 80DK 2.325 4.487 2.886 2.886 0.81
1-IIOF-A32 80DK 2.350 4.487 2.886 2.886 0.81
2-IIOF-All 80XF 8.750 18.437 9.172 9.172 0.95
2-IIOF-A12 80XF 8.775 18.437 9.172 9.172 0.96
2-IIOF-A21 80XF 9.300 18.437 9.172 9.172 1. 01
2-IIOF-A22 80XF 9.463 18.437 9.172 9.172 1. 03
2- IIOF-A31 80XF 9.175 18.437 9.172 9.172 1. 00
2-IIOF-A32 80XF 9.500 18.437 9.172 9.172 1. 04
3-IIOF-All 100XF 6.175 16.205 5.942 5.942 1.04
3- IIOF-A12 100XF 6.325 16.205 5.942 5.942 1. 06
3-IIOF-A21 100XF 6.825 16.205 5.942 5.942 1.15
3-IIOF-A22 100XF 6.563 16.205 5.942 5.942 1.10
3-IIOF-A31 100XF 5.912 16.205 5.942 5.942 0.99
3-IIOF-A32 100XF 6.250 16.205 5.942 5.942 1. 05
5-IIOF-All 140SK 3.275 12.728 2.886 2.886 1.13
5-IIOF-A12 140SK 3.117 12.728 2.886 2.886 1. 08
5- IIOF-A21 140SK 3.100 12.728 2.886 2.886 1.07
5-IIOF-A22 140SK 3.175 12.728 2.886 2.886 1.10
5-IIOF-A31 140SK 3.075 12.728 2.886 2.886 1. 07





Comparisons of Tested and Predicted Failure Loads for
I-Beams Subjected to End One-Flange Loading
Based on the Proposed Design Recommendations




2.419 2.419 1. 17
l-IEOF-A12 80DK 2.750 ***** 2.438 2.438 1. 13





















7.010 7.010 1. 08






4.122 4.122 1. 07
3-IEOF-A12 100XF 4.370
*****
4.069 4.069 1. 07
3-IEOF-A21 100XF 4.250
*****
4.019 4.019 1. 06
3-IEOF-A22 100XF 4.125
*****
4.000 4.000 1. 03
3-IEOF-A31 100XF 4.125
*****
3.977 3.977 1. 04
3-IEOF-A32 100XF 4.000
*****
3.978 3.978 1. 01
5-IEOF-All 140SK 2.217 ***** 2.222 2.222 1. 005-IEOF-A12 140SK 2.175
*****
2.215 2.215 0.98
5-IEOF-A21 140SK 2.200 ***** 2.202 2.202 1. 00
5-IEOF-A22 140SK 2.075 ***** 2.194 2.194 0.955-IEOF-A31 140SK 2.117 ***** 2.183 2.183 0.975-IEOF-A32 140SK 2.015 ***** 2.190 2.190 0.92




Comparisons of Tested and Predicted Failure Loads for
I-Beams Subjected to Interior Two-Flange Loading
Based on the Proposed Design Recommendations
Specimen Material P P Pcb P P IPtest cy comp test: comp
No.
I-IITF-All 80DK 4.350 4.655 5.669 4.655 0.93
1-IITF-A12 80DK 4.450 4.655 5.622 4.655 0.96
I-IITF-A21 80DK 2.775 4.655 2.982 2.982 0.93
1-IITF-A22 BODK 2.750 4.655 2.982 2.982 0.92
1-IITF-A31 80DK 2.188 4.655 2.280 2.280 0.96
1-IITF-A32 80DK 2.150 4.655 2.284 2.284 0.94
2- IITF-All 80XF 19.875 18.208 26:486 18.208 1. 09
2-IITF-A12 8OXX' 20.050 18.208 26.685 18.208 1.10
2-IITF-A21 8OXX' 17.000 18.208 15.958 15.958 1.07
2-IITF-A22 8OXX' 16.500 18.208 15.958 15.958 1. 03
2-IITF-A31 8OXX' 11. 850 18.208 11. 830 11.830 1.00
2-IITF-A32 8OXX' 12.125 18.208 11.830 11.830 1.02
3-IITF-All 100XX' 14.125 16.314 12.858 12.858 1.10
3- IITF-A12 100XX' 14.050 16.314 12.760 12.760 1.10
3-IITF-A21 1oOXX' 7.188 16.314 7.431 7.431 0.97
3-IITF-A22 100XX' 7.300 16.314 7.431 7.431 0.98
3-IITF-A31 100XX' 5.375 16.314 5.225 5.225 1. 03
3-IITF-A32 100XX' 5.500 16.314 5.242 5.242 1. 05
5-IITF-All 140SK 5.025 12.728 5.263 5.263 0.95
5-IITF-AI2 140SK 4.975 12.728 5.220 5.220 0.95
5-IITF-A21 140SK 3.000 12.728 2.823 2.823 1. 06
5-IITF-A22 140SK 2.975 12.728 2.823 2.823 1. 05
5-IITF-A31 140SK 2.025 12.728 2.187 2.187 0.93
5-IITF-A32 140SK 2.125 12.728 2.183 2.183 0.97




Comparisons of Tested and Predicted Failure Loads for
I-Beams Subjected to End Two-Flange Loading
Based on the Proposed Oesign Recommendations
Specimen Material P P Pcb P P IPtest cy comp t:est comp
No.
1-IETF-All 800K 1.575 1.934 1.507 1.507 1. 04
1-IETF-A12 800K 1.562 1.934 1.511 1.511 1. 03
1-IETF-A21 800K 1.475 1.934 1.260 1.260 1.17
1-IETF-A22 800K 1.512 1.934 1.264 1.264 1.20
1-IETF-A31 800K 1.287 1. 934 1. 095 1.095 1.17
1-IETF-A32 800K 1.225 1.934 1.098 1.098 1.12
2-IETF-All 80XF 5.175 7.550 5.392 5.392 0.96
2-IETF-AI2 80XF 5.050 7.550 5.368 5.368 0.94
2-IETF-A21 80XF 4.237 7.550 4.545 4.545 0.93
2-IETF-A22 80XF 4.350 7.550 4.557 4.557 0.95
2-IETF-A31 80XF 4.012 7.550 4.130 4.130 0.97
2-IETF-A32 80XF 3.950 7.550 4.127 4.127 0.96
3-IETF-All 100XF 2.775 6.725 2.887 2.887 0.96
3-IETF-A12 100XF 2.700 6.725 2.899 2.899 0.93
3-IETF-A21 100XF 2.312 6.725 2.466 2.466 0.94
3-IETF-A22 100XF 2.275 6.725 2.466 2.466 0.92
3-IETF-A31 100XF 2.237 6.725 2.233 2.233 1.00
3-IETF-A32 100XF 2.300 6.725 2.237 2.237 1. 03
5-IETF-All 140SK 1.325 5.293 1.431 1.431 0.93
5-IETF-A12 140SK 1.312 5.293 1.440 1.440 0.91
5-IETF-A21 140SK 1.250 5.293 1.204 1.204 1. 04
5-IETF-A22 140SK 1.175 5.293 1.202 1.202 0.98
5-IETF-A31 140SK 1.000 5.293 1.044 1.044 0.96
5-IETF-A32 140SK 0.962 5.293 1.048 1.048 0.92
Mean Value 1. 00
Standard Deviation 0.086
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the prediction of ultimate web crippling loads for high strength steel
sections. The improvement is mainly due to the fact that most of test
specimens failed by buckling in the webs which is recognized in the
proposed design methods. It should be noted that the yield strengths of
these specimens are beyond the limitation of the present AISI design
d . 3,6recommen at~ons.
Figures 6.7 through 6.14 show the effect of F on the ratioy
P tiP for each type of sections and loading conditions. Thesetes comp
plots include the test data obtained' from the present investigation and
the previous UMR tests on relative low strength sections. As a result of
these comparisons, it can be seen that good agreement between the tested
and predicted failure loads can be achieved for sections with yield
strengths up to 165 ksi.
In addition, the proposed design methods were checked against the
test data for the transition ranges. Table 6.11 indicates that by using
a simple interpolation between the predicted failure loads for four basic
loading conditions, a reasonable accuracy of prediction can be achieved.
2. Inland Tests:
The validity of these newly develope~ equations was also checked
against the test data conducted at Inland Steel Company. The new
equations involved in the calculations are those for the cases of
interior one-flange loading and the combined.bending and web crippling.
The comparisons between the predicted and tested failure loads are
presented in Table 6.12. The symbols used in this table are the same as
that used in the evaluation of experimental data (Section IV). Figure
6.15 shows the relationships of the ratio P
t
IP and the yield
est comp
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Fig. 6.7 Effect of F on the Ratio Pt IP for Hat Sectionsy est camp
Subjected to Interior One-Flange Loading Based on
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Fig. 6.8 Effect of F on the Ratio P tiP for Hat SectionsY tes comp
Subjected to End One-Flange Loading Based on































Fig. 6.9 Effect of F on the Ratio P tiP for Hat Sectionsy tes comp
Subjected to Interior Two-Flange Loading Based on



















Fig. 6.10 Effect of F on the Ratio P IP for Hat SectionsY test comp
Subjected to End Two-Flange Loading Based on





















Fig. 6.11 Effect of F on the Ratio P IP for I-Beamsy test comp
Subjected to Interior One-Flange Loading Based on
































Fig. 6.12 Effect of F on the Ratio P /P for I-BeamsY test comp
Subjected to End One-Flange Loading Based on
































Fig. 6.13 Effect of F on the Ratio Pt IP for I-Beamsy est comp
Subjected to Interior Two-Flange Loading Based on
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Fig. 6.14 Effect of F on the Ratio P jP for I-Beams
y test comp
SUbjected to End Two-Flange Loading Based on
the Proposed Design Recommendations
Table 6.11
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Comparisons of Tested and Predicted Failure Loads for the Tests of
Transition Ranges Based on the Proposed Design Recommendations
Specimen ~1aterial e/h P P P~--~/P_---test camp .... c.=. .... ",",VlUp
No.
T-IOF-ITF-1 100XF 0.500 4.975 5.189 0.96
T-IOF-ITF-2 140SK 0.450 2.775 2.602 1. 07
T-IOF-ITF-3 100XF 0.400 5.200 5.219 1. 00
T-IOF-ITF-4 140SK 0.300 2.725 2.641 1. 03
T-IOF-ITF-5 100XF 0.200 5.425 5.296 1.02
T- IOF- ITF-6 140SK 0.100 2.700 2.398 1.13
T- IOF-EOF-1 100XF 0.750 4.563 5.024 0.91
T-IOF-EOF-2 140SK 0.500 2.750 2.433 1.13
T-IOF-EOF-3 100XF 0.400 4.188 4.416 0.95
T-IOF-EOF-4 140SK 0.300 1.875 2.008 0.93
T-IOF-EOF-5 100XF 0.200 3.200 3.568 0.90
T-IOF-EOF-6 140SK 0.100 1.438 1. 316 1.09
T-EOF-ETF-1 100XF 0.750 4.050 3.838 1. 06
T-EOF-ETF-2 140SK 0.500 1.802 1. 755 1.03
T-EOF-ETF-3 100XF 0.400 3.135 3.318 0.95
T-EOF-ETF-4 140SK 0.300 1.457 1.562 0.93
T-EOF-ETF-5 100XF 0.200 2.359 2.635 0.90





and Predicted Failure Loads for Inland Tests 10Comparisons of Tested
Based on the Proposed Design Recommendations
Specimen P P P Pcb P P Failure P jPill cy mc ms test test comp
No. (kips) (kips (kips) (kips) (kips) (kips) Hode
1 0.251* 1.450 0.163 1. 639 0.196 0.216 M 1.10
2 0.415 1.450 0.415 1.639 0.473 0.414 M 1. 00
3 0.707 1.450 0.636 1. 639 0.765 0.618 ~fC 0.97
4 1.026 1.450 0.797 2.086 1. 055 0.762 MC 0.96
5 1.384 1.450 0.931 2.427 1.333 0.900 MC 0.97
6 2.080 1.450 1.111 2.667 1. 739 0.975 MC 0.88
7 0.350* 2.266 0.350 2.416 0.268 0.306 M 1.14
8 0.621* 2.266 0.621 2.416 0.652 0.594 M 0.96
9 1.000 2.266 0.934 2.416 1.110 0.876 MC 0.94
10 1.461 2.266 1.183 3.061 1.547 1.090 MC 0.92
11 1. 973 2.266 1.395 3.569 1.988 1.320 MC 0.95
12 3.085 2.266 1. 701 4.148 2.712 1.610 t-1C 0.95
13 O. 414~'r 2.699 0.414 2.416 0.318 0.384 M 1. 21
14 0.667 2.699 0.667 2.416 0.770 0.726 M 1. 09
15 1.160 2.699 1.100 2.416 1.273 1.100 MC 1. 00
16 1.690 2.699 1.385 3.061 1. 762 1.380 MC 1. 00
17 2.282 2.699 1.635 3.569 2.243 1.610 MC 0.98
18 3.490 2.699 1. 981 4.148 2.975 1.960 MC 0.99
19 0.462* 3.223 0.462 2.416 0.377 0.498 t-l 1. 32
20 0.796 3.223 0.796 2.416 0.912 0.905 M 1.14
21 1.349 3.223 1. 291 2.416 1.460 1.360 t-1C 1. OS
22 1.960 3.223 1.638 3.061 2.008 1.640 ~lC 1. 00
23 2.648 3.223 1. 927 3.569 2.522 1.930 ~lC 1. 00
24 3.947 3.223 2.331 4.148 3.244 2.340 HC 1. 00
25 0.754* 5.707 0.754 3.514 0.582 0.678 M 1.16
26 1. 218 5.707 1.218 3.514 1.417 1.260 M 1. 03
27 2.118 5.707 2.093 3.514 2.332 1.840 MC 0.88
28 3.089 5.707 2.684 4.426 3.223 2.370 HC 0.88
29 4.178 5.707 3.203 5.173 4.090 2.740 MC 0.86
30 6.373 5.707 3.926 6.095 5.377 3.190 MC 0.81
31 0.786 6.681 0.786 1. 371 0.851 0.705 M 0.90
32 1.090 10.685 1.090 2.474 1.257 1.185 M 1. 0933 0.816 6.681 0.816 1. 371 0.893 0;698 ~1 0.8634 1.183 10.685 1.183 2.474 1.380 1.178 M 1. 0035 0.825 6.681 0.825 1. 371 0.903 0.690 M 0.8436 1.206 10.685 1.206 2.474 1.408 1.140 M 0.9537 0.772 6.540 0.772 1.371 0.838 0.705 M 0.9138 0.903 9.337 0.903 2.332 1.043 1.134 M 1.2639 1.557 6.540 1.557 1.371 1.516 1.071 B 0.7840 2.037 9.337 2.037 2.332 2.142 1.890 B 0.81
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Table 6.12 (Cont'd)
Comparisons of Tested and Predicted Failure Loads for Inland Tests 10
Based on the Proposed Design Recommendations
Specimen P P P P \. P p. -_. Failure P. __ ./P __ .__m cy mc Cu ffiS ""'e~,,", .... e,:, .... \,ump
No. (kips) (kips (kips) (kips) (kips) (kips) Hode
41 2.271 6.540 2.225 1.370 2.061 1.470 B 1. 07
42 3.262 9.337 3.191 2.332 3.127 2.592 B 1.11
43 2.771 6.681 2.581 1.747 2.259 1.655 B 0.95
44 4.364 10.685 4.084 3.132 3.968 2.898 B 0.93
45 2.480 6.100 2.326 1.706 2.071 1.584 B 0.93
46 4.311 10.555 4.037 3.168 3.940 2.979 B 0.94
47 2.902 6.681 2.665 1.747 2.328 1. 718 B 0.98
48 4.750 10.685 4.332 3.132 4.251 3.142 B 1. 00
49 2.723 6.100 2.480 1.706 2.206 1.635 B 0.96
50 4.726 10.555 4.299 3.168 4.249 3.069 B 0.97
51 2.956 6.540 2.681 1.747 2.356 1. 746 B 1. 00
52 4.611 9.814 4.131 3.132 4.151 3.012 B 0.96
53 2.976 6.100 2.633 1.706 2.335 1.599 B 0.94
54 5.157 10.555 4.557 3.168 4.554 3.168 B 1. 00
55 2.921 6.681 2.678 1.747 2.338 1.805 B 1. 03
56 4.808 10.685 4.365 3.132 4.293 3.048 B 0.97
57 2.774 6.551 2.568 1. 706 2.233 1.536 B 0.90
58 4.442 10.166 4.070 2.955 3.958 3.243 B 1.10
59 3.557 6.540 3.027 2.009 2.395 2.091 B 1. 04
60 5.513 9.337 4.553 3.445 4.385 3.522 B 1. 02
61 4.060 6.681 3.314 2.164 2.078 2.302 MS 1.11
62 7.622 10.685 5.830 4.259 4.664 4.135 B 0.97
63 4.194 6.681 3.383 2.164 2.096 2.470 MS 1.18
64 8.101 10.685 6.038 4.259 4.768 4.405 B 1. 03
65 4.210 6.681 3.391 2.164 2.098 2.475 MS 1.18
66 8.164 10.685 6.061 4.259 4.780 4.628 B 1. 09
67 4.293 6.540 3.400 2.164 2.108 2.607 HS 1. 24
68 7.535 9.337 5.461 3.986 4.386 4.562 B 1.14
Mean Value 1. 00
Standard Deviation 0.109
* Inelastic reserve capacity was employed.
Note: Predicted Failure Mode
B represents web buckling
M represents bending moment
MC represents combined bending and web crippling
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Fig. 6.15 Effect of F on the Ratio P IP for Inland TestsY test comp
Based on the Proposed Design Recommendations
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For specimens that expected to fail by web crippling or combined web
crippling and bending moment, the proposed design methods can provide
resonable estimates of the failure loads with the accuracy within 20%.
The Inland test: specimens were formed from sheet steels with yield
strengths up to 190 ksi. Underestimations were observed for Specimen
Nos. 13, 16, 38, and 67 in which combined bending and shear or bending
moment alone is expected to be the mode of failure. The reasons for this
inaccuracy were discussed in Section IV.
3. Ford Tests:
For Ford tests, the material properties used in the calculations
were obtained from flanges and W'ebs of formed hat sections. The
procedure used in calculations of these composite sections was the same
as those employed in Section IV, except that the predicted ultimate loads
for web crippling and a combination of web crippling and bending moment
were determined according to the newly developed equations.
Table 6.13 compares the predicted and tested failure loads. The
mean value and standard deviation for the ratio P IP in this tabletest comp
are calculated only for Specimen Nos. 1 through 9. The failure mode of
these specimens are expected to be a combination of bending moment and
web crippling. Figure 6.16 shows the effect of material yield strength,
F , on the ratio P IP for Specimen Nos. 1 to 9. Based on the meany test comp
value of 0.892 and a standard deviation of 0·109, the newly developed
equations generally overestimated the failure loads.
The overestimation may be mainly due to the fact that a die forming
process was used in the fabrication of the hat sections. The as formed
yield
taken
strength in the web, F , was determined from the tension couponsyw
from the middle portion of the webs. By using the die forming, the
194
Table 6.13
Comparisons of Tested and Predicted Failure Loads for Ford Tests
11
Based on the Proposed Design Recommendations
Specimen P P P Pcb P P Failure P IPm cy mc ms test test comp
No. (kips) (kips (kips) (kips) (kips) (kips) ~lode
1 1.810 2.819 1.506 3.724 3.099 1.616 MC 1.07
2 2.963 5.028 2.553 4.782 4.467 2.320 MC 0.91
3 3.543 5.331 2.906 3.724 4.934 2.377 MC 0.82
4 3.289 5.410 Z'.799 3.479 5.673 2.453 HC 0.88
5 3.193 4.278 2.490 2.798 3.928 1.948 MC 0.78
6 3.356 3.987 2.475 2.798 3.777 2.031 MC 0.82
7 4.831 7.112 3.926 3.724 5.244 2.995 B 0.80
8 3.964 7.327 3.529 5.969 4.532 3.602 MC 1.02
9 4.753 9.303 4.321 6.284 5.626 4.195 MC 0.97
10 3.084 10.722 3.327 11. 224 5.975 4.567 M 1.48
11 4.231 11.519 4.279 10.002 6.833 4.858 M 1.15
12 3.966 15.490 4.394 10.416 8.588 5.783 M 1.46
13 5.159 18.533 5.608 10.021 10.621 6.065 M 1.18
Mean Value* 0.897
Standard Deviation* 0.104
* Based on Specimen Nos. 1-9 which are expected to fail by a
combination of bending and web crippling or web buckling.
Note: Predicted Failure Mode
M represents bending moment
B represents web buckling


























Fig. 6.16 Effect of F on the Ratio P IP for Ford Testsy test comp
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middle portion of the web may experience appreciable extension.
Therefore, Fyw may not represent the average yield strength of the entire
web. In some cases, the values of Fyw are as high as 110% over the yield
strengths of the as received steels.
For Specimen Nos. 10 to 13, bending moment alone is the governing
mode of failure. Underestimations of the failure loads are observed. In
the calculations of bending moment capacity, the as-formed yield
strengths in the flanges (Fyf) were used as the limiting stress for the
entire cross section which may not be practical. In some cases, the
values of Fyf are even lower than the yield strengths of virgin steels.
The inaccuracy in the calculations of ultimate bending moment capacity of
these composite sections may be due to this reason. Furthermore, the
provisions for inelastic reserve capacity included in the present AISI
Specification, which may increase the predicted bending moment capacity
of the sections, are not applicable to these specimens because the effect
of cold-forming was considered in the calculations.
4. Discussions:
It can be seen that the proposed design recommendations can provide
good estimates of failure loads for both sections with single
unreinforced webs and I-beams subjected to web crippling and a
combination of web crippling and bending moment. By using nondimensional
parameters in the derivation and distinguishing between overstressing
and buckling failure, the newly developed equations become more general.
These equations are found to be applicable to sections with material
yield strengths up to 190 ksi. The new design methods avoid the problem
of discontinuity between the equation for each basic loading condition by
using a simple interpolation.
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VII. CONCLUSIONS
In recent years, various types of high s~rength sheet steels with
yield strengths greater than 80 ksi have been successfully used by
automotive engineers to reduce car weight for the purpose of achieving
fuel economy and complying with federal safety standards. Because there
is only a limited amount of information available for the structural
design of automotive components using such high strength sheet steels, a
research project has been conducted at the University of Missouri-Rolla
under the sponsorship of the American Iron and Steel Institute (AISI)
since 1982. The primary goals of the project were to establish the
applicability of the existing design criteria3 and to develop the
necessary new criteria for a comprehensive design of high strength steel
sections used in the automobile industry. This dissertation deals with
the web crippling strength and a combination of web crippling and bending
moment of beams which are formed from high strength sheet steels. This
subject is one of the three phases of the overall project.
Following a literature review of the available publications and the
current design criteria, an analytical investigation was conducted to
study the web crippling strength of cold-formed steel beams. Because of
the difficulties involved in the theoretical analysis of web crippling
strength, an extensive experimental investigation was carried out for
the purpose of obtaining background information for the formulation of
design criteria. In this phase of research work, 150 hat sections and 96
I-beams were tested for four basic loading conditions (interior one-
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flange loading, end one-flange loading, interior two-flange loading, and
end two-flange loading). Additional 18 tests were also performed for the
transition ranges between the basic loading conditions. Test specimens
were fabricated from high strength sheet steels with yield strengths
ranging from 58.2 to 165.1 ksi. Details of test specimens and test
results are presented in Section III.
The results of tests have been evaluated in Section IV according to
the AISI 1981 Guide for the preliminary design of automotive structural
components and the 1986 Specification for the design of cold-formed steel
structural members used for bUildings with some modification of the Fy
function. It was found that the available design provisions for web
crippling are not suitable for those sections fabricated from very high
strength materials. Also included in this evaluation were the
experimental data obtained from the tests conducted by Inland Steel
Company and Ford Motor Company.
In the analytical study discussed in Section V, a finite element
program (ADINA) which is available at mm has been used to predict the
ultimate web crippling load of sections with single unreinforced webs. A
3-node triangular plate/shell element was used with both geometric and
material nonlinearity. The analytical results reveal that predicted
ultimate loads underestimate the actual web crippling strengths, even
though a reasonable accuracy (within 23%) was realized for the cases of
interior one-flange and end one-flange loadings.
New equations have been developed for determining the ultimate web
crippling loads for cold-formed steel beams haVing single unreinforced
webs and for I-beams under different loading conditions. These equations
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are dealing with the web buckling failure and the overstressing failure.
By using a simple interpolation between the predicted ultimate web
crippling loads between four basic loading conditions, reasonable
accuracy of prediction can be achieved for the transition ranges.
Interaction equations for the combination of web crippling and bending
moment were also derived in terms of stress ratios with an alternative of
moment and load ratios. The comparisons between the tested failure loads
and predicted failure loads indicate good agreements between the
proposed desi~ recommendations and the available test data with yield
strengths from 30 to 190 ksi.
In order to generalize the design procedure for web crippling,
future studies are needed in the following areas:
1) Failure caused by bending of flanges about connection lines of
I-beams when the flanges are not connected to bearing plates.
2) Overstressing failure of single web sections under end one-
flange loading and of I-beams under end one-flange and end two-flange
loadings.
3) Web crippling failure under dynamic loading.
This report also includes the following information:
1) Plots showing the effect of important parameters (hit, Nih,
e lh Nit and R/t) on the accuracy of the predicted ultimate web, ,
crippling loads based on the proposed design methods. These plots are
presented in Appendix E. The test data used for these plots are the same
as those used in Section VI for the study of the effect of F on the ratioy
P IP .test comp
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2) Computer programs used to predict the ultimate loads for Inland
and Ford tests (Appendix F).
3) Comparisons of ultimate web crippling loads based on the AISI
1986 Specification and the proposed design methods. These comparisons
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Dimensions of Hat Sections Used in the Experimental Investigation
Specimen t Bl B2 D R L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
'v
I-HlOF-All 0.048 3.180 6.384 3.150 0.234 19.0
I-HlOF-A12 0.048 3.250 6.374 3.140 0.234 19.0
I-HlOF-A21 0.048 4.330 8.494 4.080 0.250 22.0
I-HlOF-A22 0.048 4.330 8.454 4.070 0.273 22.0
1-HIOF-A31 0.048 5.380 10.564 4.990 0.242 25.0
1-HIOF-A32 0.048 5.400 10.544 5.000 0.250 25.0
2-HIOF-All 0.082 3.540 6.596 3.040 0.203 19.0
2-HIOF-A12 0.082 3.560 6.576 3.070 0.227 19.0
2-HlOF-A21 0.082 4.590 8.706 4.050 0.227 22.0
2-HIOF-A22 0.082 4.550 8.666 4.060 0.227 22.0
2-HlOF-A31 0.082 5.470 10.586 5.060 0.219 25.0
2-HIOF-A32 0.082 5.490 10.626 5.070 0.219 25.0
3-HIOF-All 0.062 3.480 6.556 3.080 0.195 19.0
3-HIOF-A12 0.062 3.490 6.506 3.090 0.164 19.0
3-HIOF-A21 0.062 4.410 8.506 4.040 0.164 22.0
3-HIOF-A22 0.062 4.370 8.526 4.050 0.156 22.0
3-HIOF-A31 0.062 5.360 10.496 5.040 0.133 25.0
3-HIOF-A32 0.062 5.340 10.496 5.010 0.172 25.0
4-HIOF-All 0.047 3.250 6.296 3.110 0.086 19.0
4-HlOF-A12 0.047 3.210 6.216 3.130 0.070 19.04-HIOF-A21 0.047 4.100 8.186 4.160 0.. 133 22.04-HIOF-A22 0.047 4.090 8.196 4.190 0.125 22.04-HIOF-A31 0.047 4.950 10.096 5.160 0.094 25.04-HIOF-A32 0.047 5.010 10.116 5.160 0.102 25.04-HIOF-AI3 0.047 2.960 5.846 2.960 0.250 19.04-HIOF-A14 0.047 2.980 5.886 2.960 0.250 19.04-HIOF-A23 0.047 3.950 7.836 3.960 0.250 21. 04-HIOF-A24 0.047 3.960 7.866 3.970 0.250 21.04-HIOF-A33 0.047 4.940 9.746 4.930 0.250 25.04-HIOF-A34 0.047 4.920 9.726 4.930 0.250 25.0S-HIOF-All 0.046 3.020 5.908 3.000 0.250 19.05-HIOF-A12 0.046 3.030 5.938 2.990 0.250 19.0S-HIOF-A2.1 0.046 4.000 7.888 4.020 0.250 22.0S-HIOF-A22 0.046 4.030 7.938 4.000 0.250 22.0
.5-HIOF-A31 0.046 5.040 9.928 4.990 0.250 25.05-HIOF-A32 J 0.046 5.000 9.848 5.020 0.250 25.03-HIOF-Dll 0.065 3.010 5.900 3.000 0.250 15.03-HIOF-D12 0.065 3.020 5.910 3.010 0.250 15.03-HIOF-Cll 0.065 3.010 5.920 3.020 0.250 15.03-HIOF-C12 0.065 3.020 5.930 3.000 0.250 15.0
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Table Al (Cont'd)
Dimensions of Hat Sections Used in the Experimental Investigation
Specimen t Bl B2 D R L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
3-HIOF-B11 0.065 2.990 5.900 3.000 0.250 15.0
3-HIOF-BI2 0.065 2.990 5.900 3.000 0.250 15.0
3-HIOF-D21 0.065 4.000 7.910 4.000 0.250 19.0
3-HIOF-D22 0.065 4.030 7.960 3.970 0.250 19.0
3-HIOF-C21 0.065 3.990 7.920 3.990 0.250 19.0
3-HIOF-C22 0.065 3.980 7.890 4.000 0.250 19.0
3-HIOF-B21 0.065 4.040 7.930 3.970 0.250 19.0
3-HIOF-B22 0.065 3.990 7.900 4.000 0.250 19.0
3-HIOF-D31 0.065 5.020 9.930 5.000 0.250 24.0
3-HIOF-D32 0.065 5.000 9.910 5.000 0.250 24.0
3-HIOF-C31 0.065 5.000 9.930 5.000 0.250 24.0
3-HIOF-C32 0.065 5.000 9.930 5.000 0.250 24.0
3-HIOF-B31 0.065 4.990 9.900 5.000 0.250 24.0
3-HIOF-B32 0.065 5.020 9.910 4.990 0.250 24.0
5-HIOF-D11 0.046 2.980 5.948 3.050 0.250 15.0
5-HIOF-DI2 0.046 3.000 5.968 3.000 0.250 15.0
5-HIOF-Cll 0.046 2.980 5.988 3.000 0.250 15.0
5-HIOF-CI2 0.046 2.990 5.938 3.000 0.250 15.0
5-HIOF-B11 0.046 3.000 5.948 3.070 0.250 15.0
5-HIOF-BI2 0.046 3.030 5.978 3.020 0.250 15.0
5-HIOF-D21 0.046 4.050 7.978 4.020 0.250 19.0
5-HIOF-D22 0.046 3.990 7.918 4.070 0.250 19.0
5-HIOF-C21 0.046 3.990 7.938 4.000 0.250 19.0
5-HIOF-C22 0.046 3.980 7.928 4.030 0.250 19.0
5-HIOF-B21 0.046 4.030 7.998 3.990 0.250 19.0
5-HIOF-B22 0.046 3.960 7.928 4.030 0.250 19.0
5-HIOF-D31 0.046 5.000 9.948 5.030 0.250 25.0
5-HIOF-D32 0.046 5.050 9.998 5.000 0.250 25.0
5-HIOF-C31 0.046 5.000 9.948 5.020 0.250 25.0
5-HIOF-C32 0.046 4.930 9.898 5.000 0.250 25.0
5-HIOF-B31 0.046 5.030 9.958 5.010 0.250 25.0
5-HIOF-B32 0.046 5.000 9.988 5.030 0.250 25.0
l-HEOF-A11 0.048 3.030 5.874 3.070 0.227 17.0
l-HEOF-AI2 0.048 3.010 5.874 3.070 0.219 17.0
l-HEOF-A21 0.048 4.050 7.914 3.930 0.211 20.0
1-HEOF-A22 0.048 4.020 7.944 3.950 0.227 20.0
l-HEOF-A31 0.048 5.070 9.994 4.920 0.203 23.0
l-HEOF-A32 0.048 5.030 9.914 4.910 0.219 23.0
2-HEOF-All 0.085 3.060 5.930 2.880 0.234 17.0
2-HEOF-AI2 0.085 3.070 5.900 2.890 0.219 17.0
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Table Al (Cont'd)
Dimensions of Hat Sections Used in the Experimental Investigation
Specimen t B1 B2 0 R L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
2-HEOF-A21 0.085 4.090 7.960 3.870 0.227 20.0
2-HEOF-A22 0.085 4.120 7.950 3.870 0.211 20.0
2-HEOF-A31 0.085 5.050 9.980 4.910 0.227 23.0
2-HEOF-A32 0.085 5.080 9.990 4.890 0.219 23.0
3-HEOF-All 0.065 3.050 5.920 2.900 0.203 17.0
3-HEOF-A12 0.065 3.020 5.930 2.910 0.180 17.0
3-HEOF-A21 0.065 4.080 7.990 3.910 0.188 20.0
3-HEOF-A22 0.065 4.110 7.960 3.890 0.188 20.0
3-HEOF-A31 0.065 5.000 9.930 4.920 0.195 23.0
3-HEOF-A32 0.065 5.040 9.910 4.920 0.211 23.0
4-HEOF-All 0.047 2.970 5.896 3.110 0.117 17.0
4-HEOF-A12 0.047 3.010 5.876 2.990 0.156 17.0
4-HEOF-A21 0.047 3.980 7.986 4.010 0.164 20.0
4-HEOF-A22 0.047 4.020 7.986 3.990 0.180 20.0
4-HEOF-A31 0.047 4.960 9.826 5.060 0.148 23.0
4-HEOF-A32 0.047 4.990 9.896 5.050 0.117 23.0
5-HEOF-All 0.046 2.990 5.898 3.030 0.250 17.0
5-HEOF-A12 0.046 2.990 5.938 3.010 0.250 17.0
5-HEOF-A21 0.046 3.980 7.928 4.050 0.250 20.0
5-HEOF-A22 0.046 4.000 7.888 4.020 0.250 20.0
5-HEOF-A31 0.046 4.970 9.958 5.070 0.250 23.0
5-HEOF-A32 0.046 4.980 9.988 5.030 0.250 23.0
1-HITF-All 0.047 2.980 5.906 3.000 0.250 11. 0
1-HITF-A12 0.047 3.000 5.886 3.000 0.250 11. 0
1-HITF-A21 0.047 4.010 7.916 4.000 0.250 14.0
I-HITF-A22 0.047 3.970 7.896 4.010 0.250 14.0
I-HITF-A31 0.047 4.950 9.836 5.060 0.250 17.0
I-HITF-A32 0.047 4.970 9.776 5.050 0.250 17.0
2-HITF-All 0.088 3.020 5.884 3.000 0.250 11. 0
2-HITF-AI2 0.088 3.030 5.854 3.000 0.250 11. 0
2-HITF-A21 0.088 4.000 7.784 4.010 0.250 14.0
2-HITF-A22 0.088 3.970 7.794 4.030 0.250 14.0
Z-HITF-A31 0.088 4.950 9.734 5.060 0.250 17.0
2-HITF-A32 0.088 4.980 9.744 5.050 0.250 17.0
3-HITF-All 0.065 2.970 5.780 3.050 0.250 11. 03-HITF-A12 0.065 3.010 5.880 3.020 0.250 11.03-HITF-A21 0.065 4.010 7.820 4.000 0.250 14.03-HITF-A22 0.065 4.030 7.900 4.000 0.250 14.03-HITF-A31 0.065 4.980 9.870 5.030 0.250 17.03-HITF-A32 0.065 4.960 9.810 5.030 0.250 17.0
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Table Al (Cont'd)
Dimensions of Hat Sections Used in the Experimental Investigation
Specimen t Bl B2 D R L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
5-HITF-All 0.046 2.940 5.828 3.050 0.250 11. 0
5-HITF-AI2 0.046 2.920 5.868 3.050 0.250 11. 0
5-HITF-A21 0.046 4.030 7.898 3.980 0.250 14.0
5-HITF-A22 0.046 4.000 7.928 4.000 0.250 14.0
5-HITF-A31 0.046 4.920 9.808 5.070 0.250 li.O
5-HITF-A32 "ci- 0.046 4.890 9.798 5.090 0.250 17.0
l-HETF-All 0.047 2.970 5.836 3.030 0.250 6.5
l-HETF-A12 0.047 2.950 5.856 3.050 0.250 6.5
1-HETF-A21 0.047 3.960 7.826 4.030 0.250 8.0
1-HETF-A22 0.047 3.940 7.866 4.050 0.250 8.0
1-HETF-A31 0.047 4.980 9.926 5.030 0.250 9.5
1-HETF-A32 0.047 5.000 14.846 5.030 0.250 9.5
2-HETF-All 0.088 3.030 5.854 3.000 0.250 6.5
2-HETF-A12 0.088 3.030 5.794 3.000 0.250 6.5
2-HETF-A21 0.088 4.020 7.864 4.000 0.250 8.0
2-HETF-A22 0.088 4.000 7.924 4.000 0.250 8.0
2-HETF-A31 0.088 4.970 9.794 5.030 0.250 9.5
2-HETF-A32 0.088 5.000 9.824 5.020 0.250 9.5
3-HETF-All 0.065 2.960 5.890 3.020 0.250 6.5
3-HETF-AI2 0.065 2.950 5.820 3.030 0.250 6.5
3-HETF-A21 0.065 3.920 7.830 4.030 0.250 8.0
3-HETF-A22 0.065 3.950 7.780 4.020 0.250 8.0
3-HETF-A31 0.065 3.950 7.840 5.080 0.250 9.5
3-HETF-A32 0.065 4.000 7.790 5.060 0.250 9.5
5-HETF-All 0.046 2.970 5.878 3.030 0.250 6.5
5-HETF-A12 0.046 3.010 5.838 3.020 0.250 6.5
5-HETF-A21 0.046 3.980 7.948 4.050 0.250 8.0
5-HETF-A22 0.046 4.000 7.868 4.050 0.250 8.0
5-HETF-A31 0.046 5.010 9.978 5.010 0.250 9.5
5-HETF-A32 'i LI 0.046 5.040 9.908 5.000 0.250 9.5
Note: See Fig. 3.3 for definitions of symbols.
Table A2
Parameters and Sectional Proper~ies of Hat Sections
Specimen Material t F hit Nih elh Nit R/ty
No. (in. ) (ksi)
1-HIOF-All 80DK 0.048 58.2 63.6 0.655 1.473 41. 7 4.883
1-HIOF-A12 80DK 0.048 58.2 63.4 0.657 1.478 41.7 4.883
I-HIOF-A21 80DK 0.048 58.2 83.0 0.502 1.506 41.7 5.208
I-HIOF-A22 80DK 0.048 58.2 82.8 0.503 1.510 41.7 5.696
1-HIOF-A31 80DK 0.048 58.2 102.0 0.409 1.532 41.7 5.046
1-HIOF-A32 80DK 0.04~ 58.2 102.2 0.408 1.529 41.7 5.208
2-HIOF-A11 80XF 0.082 88.3 35.1 0.695 1.565 24.4 2.477
2-HIOF-A12 80XF 0.082 88.3 35.4 0.688 1.549 24.4 2.763
2-HIOF-A21 80XF 0.082 88.3 47.4 0.515 1.544 24.4 2.763
2-HIOF-A22 80XF 0.082 88.3 47.5 0.513 1.540 24.4 2.763
2-HIOF-A31 80XF 0.082 88.3 59.7 0.408 1.532 24.4 2.668
2-HIOF-A32 80XF 0.082 88.3 59.8 0.408 1.529 24.4 2.668
3-HIOF-A11 100XF 0.062 113.1 47.7 0.677 1.522 32.3 3.150
3-HIOF-A12 100XF 0.062 113.1 47.8 0.674 1.517 32.3 2.647
3-HIOF-A21 100XF 0.062 113.1 63.2 0.511 1.532 32.3 2.647
3-H10F-A22 100XF 0.062 113.1 63.3 0.509 1.528 32.3 2.521
3-HIOF-A31 100XF 0.062 113.1 79.3 0.407 1.526 32.3 2.142
3-HIOF-A32 100XF 0.062 . 113.1 78.8 0.409 1.535 32.3 2.773
4-HIOF-All 140XF 0.047 141.2 64.2 0.663 1.492 42.6 1.828
4-HIOF-A12 140XF 0.047 141.2 64.6 0.659 1.482 42.6 1.496




Parameters and Sectional Properties of Hat Sections
Specimen Material t F hit Nih elh Nit R/ty
No. r . , fl. _ ~ ,\.~:n. J \'1'..::I.&../
3-HIOF-Bll 100XF 0.065 116.9 44.2 0.697 1.250 30.8 3.846
3-HIOF-Bll 100XF 0.065 116.9 44.2 0.697 1.250 30.8 3.846
3-HIOF-D11 100XF 0.065 116.9 59.5 0.517 0.750 30.8 3.846
3-HIOF-D11 100XF 0.065 116.9 59.1 0.521 0.750 3,0.8 3.846
3-HIOF-C11 100XF . 0.'065 116.9 59.4 0.518 1.000 30.8 3.846
3-HIOF-Cll 100XF 0.065 116.9 59.5 0.517 1.000 30.8 3.846
3-HIOF-Bll 100XF 0.065 116.9 59.1 0.521 1.250 30.8 3.846
3-HIOF-Bll 100XF 0.065 116.9 59.5 0.517 1.250 30.8 3.846
3-HIOF-D11 100XF 0.065 116.9 74.9 0.411 0.750 30.8 3.846
3-HIOF-Dll 100XF 0.065 116.9 74.9 0.411 0.750 30.8 3.846
3-HIOF-Cll 100XF 0.065 116.9 74.9 0.411 1.000 30.8 3.846
3-HIOF-Cll 100XF 0.065 116.9 74.9 0.411 1.000 30.8 3.846
3-HIOF-B11 100XF 0.065 116.9 74.9 0.411 1.250 30.8 3.846
3-HIOF-Bll 100XF 0.065 116.9 74.8 0.412 1.250 30.8 3.846
5-HIOF-Dll 140SK 0.046 165.1 64.3 0.676 0.750 43.5 5.435
5-HIOF-Dll 140SK 0.046 165.1 63.2 0.688 0.750 43.5 5.435
5-HIOF-Cll 140SK 0.046 165.1 63.2 0.688 1.000 43.5 5.435
5-HIOF-Cll 140SK 0.046 165.1 63.2 0.688 1.000 43.5 5.435
5-HIOF-Bll 140SK 0.046 165.1 64.7 0.672 1.250 43.5 5.435
5-HIOF-Bll 140SK 0.046 165.1 63.7 0.683 1.250 43.5 5.435
5-HIOF-Dll 140SK 0.046 165.1 85.4 0.509 0.750 43.5 5.435
5-HIOF-Dll 140SK 0.046 165.1 86.5 0.503 0.750 43.5 5.435
5 -HIOF-Cll 140SK 0.046 165.1 85.0 0.512 1.000 43.5 5.435
5-HIOF-Cll 140SK 0.046 165.1 85.6 0.508 1.000 43.5 5.435
5-HIOF-Bll 140SK 0.046 165.1 84.7 0.513 1.250 43.5 5.435
5-HIOF-Bll 140SK 0.046 165.1 85.6 0.508 1. 250 43.5 5.435
5-HIOF-Dll 140SK 0.046 165.1 107.3 0.405 0.750 43.5 5.435
5 -HIOF-Dll 140SK 0.046 165.1 106.7 0.407 0.750 43.5 5.435
5-HIOF-Cll 140SK 0.046 165.1 107.1 0.406 1.000 43.5 5.435
5-HIOF-Cll 140SK 0.046 165.1 106.7 0.407 1.000 43.5 5.435
5-HIOF-Bll 140SK 0.046 165.1 106.9 0.407 1.250 43.5 5.435
5-HIOF-Bll . 140SK 0.046 165.1 107.3 0.405 1. 250 43.5 5.435
1-HEOF-All 80DK 0.048 58.2 62.0 0.672 1.513 41.7 4.721
1-HEOF-A12 800K 0.048 58.2 62.0 0.672 1.513 41.7 4.558
1-HEOF-A21 800K 0.048 58.2 79.9 0.522 1.565 41. 7 4.394
1-HEOF-A22 800K 0.048 58.2 80.3 0.519 1.557 41.7 4.721
1-HEOF-A31 800K 0.048 58.2 100.5 0.415 1.555 41.7 4.231
1-HEOF-A32 800K 0.048 . 58.2 100.3 0.415 1.558 41.7 4.558
2-HEOF-All 80XF 0.085 88.3 31.9 0.738 1.661 23.5 2.758
2-HEOF-A12 80XF 0.085 88.3 32.0 0.735 1.654 23.5 2.574
Table A2 (Cont'd)
Parameters and Sectional Properties of Hat Sections
Specimen Material t F hit Nih e/h Nit R/ty
No. (in. ) (ksi)
2-HEOF-A21 80XF 0.085 88.3 43.5 0.541 1.622 23.5 2.666
2-HEOF-A22 80XF 0.085 88.3 43.5 0.541 1.622 23.5 2.481
2-HEOF-A31 80XF 0.085 88.3 55.8 0.422 1.582 23.5 2.666
2-HEOF-A32 80XF 0.085 c, 88.3 55.5 0.424 1.589 23.5 2.574
3-HEOF-All 100XF 0.065 '. 113.1 42.6 0.722 1.625 30.8 3.125
3-HEOF-A12 100XF 0.065 113.1 42.8 0.719 1. 619 30.8 2.765
3-HEOF-A21 100XF 0.065 113.1 58.2 0.529 1.587 30.8 2.885
3-HEOF-A22 100XF 0.065 113.1 57.8 0.532 1.596 30.8 2.885
3-HEOF-A31 100XF 0.065 113.1 73.7 0.418 1.566 30.8 3.005
3-HEOF-A32 100XF 0.065 113.1 73.7 0.418 1.566 30.8 3.245
4-HEOF-All 140XF 0.047 141.2 64.2 0.663 1.492 42.6 2.494
4-HEOF-A12 140XF 0.047 141. 2 61.6 0.691 1.554 42.6 3.326
4-HEOF-A21 140XF 0.047 141.2 83.3 0.511 1.532 42.6 3.491
4-HEOF-A22 140XF 0.047 141.2 82.9 0.513 1.540 42.6 3.823
4-HEOF-A31 140XF 0.047 141.2 105.7 0.403 1.510 42.6 3.157
4-HEOF-A32 140XF 0.047 141. 2 105.4 0.404 1.513 42.6 2.494
5-HEOF-All 140SK 0.046 . 165.1 63.9 0.681 1. 532 43.5 5.435
5-HEOF-A12 140SK 0.046 165.1 63.4 0.685 1.542 43.5 5.435
5-HEOF-A21 140SK 0.046 165.1 86.0 0.505 1.516 43.5 5.435
5-HEOF-A22 140SK 0.046 165.1 85.4 0.509 1.527 43.5 5.435
5-HEOF-A31 140SK 0.046 165.1 108.2 0.402 1.507 43.5 5.435
5-HEOF-A32 ';140SK 0.046 165.1 107.3 0.405 1. 519 43.5 5,£+35
1-HITF-All BOOK 0.047 58.2 61.8 0.688 1.549 42.6 5.319
1-HITF-A12 800K 0.047 58.2 61.8 0.688 1.549 42.6 5.319
1-HITF-A21 800K 0.047 58.2 83.1 0.512 1.536 42.6 5.319
1-HITF-A22 800K 0.047 58.2 83.3 0.511 1.532 42.6 5.319
1-HITF-A31 800K 0.047 58.2 105.7 0.403 1.510 42.6 5.319




Parameters and Sectional Properties of Ha~ Sections
Specimen Material t F hit Nih elh Nit R/ty
No. r ~_ '\ (k:;i)\..L.A..... }
5-HITF-All 140SK 0.046 165.1 64.3 0.676 1.521 43.5 5.435
5-HITF-A12 140SK 0.046 165.1 64.3 0.676 1.521 43.5 5.435
5-HITF-A21 140SK 0.046 165.1 84.5 0.514 1.543 43.5 5.435
5-HITF-A22 140SK 0.046 165.1 85.0 0.512 1.535 43.5 5.435
5-HITF-A31 140SK 0.046 165.1 108.2 0.402 1.507 43.5 5.435
5-HITF-A32 140SK 0.046 165.1 108.7 0.400 1.501 43.5 5.435
~T-HETF-All 80DK 0.047 58.2 62.5 0.681 1.533 42.6 5.319
1-HETF-A12 80DK 0.047 58.2 62.9 0.677 1.522 42.6 5.319
1-HETF-A21 80DK 0.047 58.2 83.7 0.508 1.524 42.6 5.319
1-HETF-A22 80DK 0.047 58.2 84.2 0.506 1.517 42.6 5.319
1-HETF-AS1 80DK 0.047 58.2 105.0 0.405 1.519 42.6 5.319
1-HETF-A32 80DK 0.04·U 58.2 105.0 0.405 1.519 42.6 5.319
2-HETF-All 80XF 0.088 77 .1 32.1 0.708 1.593 22.7 2.841
2-HETF-A12 80XF 0.088 77 .1 32.1 0.708 1.593 22.7 2.841
2-HETF-A21 80XF 0.088 77 .1 43.5 0.523 1.569 22.7 2.841
2-HETF-A22 80XF 0.088 77 .1 43.5 0.523 1.569 22.7 2.841
2-HETF-AS1 80XF 0.088 77.1 55.2 0.412 1.545 22.7 2.841
2-HETF-A32 80XF 0.088 77 .1 55.0 0.413 1.548 22.7 2.841
3-HETF-All 100XF 0.065 116.9 44.5 0.692 1.557 30.8 3.846
3-HETF-A12 100XF 0.065 116.9 44.6 0.690 1.552 30.8 3.846
3-HETF-A21 100XF 0.065 116.9 60.0 0.513 1.538 30.8 3.846
3-HETF-A22 100XF 0.065 116.9 59.8 0.514 1.542 30.8 3.846
3-HETF-A31 100XF 0.065 116.9 76.2 0.404 1.515 30.8 3.846
3-HETF-A32 100XF 0.065 116.9 75.8 0.406 1.521 30.8 3.846
5-HETF-All 140SK 0.046 165.1 63.9 0.681 1.532 43.5 5.435
5-HETF-A12 140SK 0.046 165.1 63.7 0.683 1.537 43.5 5.435
5-HETF-A21 140SK 0.046 165.1 86.0 0.505 1.516 43.5 5.435
5-HETF-A22 140SK 0.046' 165.1 86.0 0.505 1.516 43.5 5.435
5-HETF-A31 140SK 0.046 165.1 106.9 0.407 1.525 43.5 5.435
5-HETF-A32 '140SK 0.046 165.1 106.7 0.407 1.528 43.5 5.435
Table A3
Dimensions of I-Beams Used in the Experimental Investigat:ion
Specimen t B1 D R L
No. (in. ) (in. ) (in. ) (in. ) (in. )
1-IIOF-All 0.046 3.240 3.032 0.219 19.0
1-IIOF-A12 0.046 3.221 3.082 0.219 19.0
1-IIOF-A21 0.046 4.314 4.032 0.219 22.0
1-IIOF-A22 0.046 4.248 4.052 0.219 22.0
1-IIOF-A31 0.046 5.266 3.062 0.219 25.0
1-IIOF-A32 0.046 5.252 5.082 0.219 25.0
2-IIOF-All 0.082 3.297 3.194 0.219 19.0
2-IIOF-A12 0.082 3.298 3.144 0.219 19.0
2-IIOF-A21 0.082 4.285 4.164 0.219 22.0
2-IIOF-A22 0.082 4.290 4.144 0.219 22.0
2-IIOF-A31 0.082 5.327 5.134 0.219 25.0
2-IIOF-A32 0.082 5.296 5.084 0.219 25.0
3-IIOF-All 0.066 3.320 3.092 0.188 19.0
3-IIOF-A12 0.066 3.240 3.122 0.188 19.0
3-IIOF-A21 0.066 4.258 4.102 0.188 22.0
3-IIOF-A22 0.066 4.261 4.102 0.188 22.0
3-IIOF-A31 0.066 5.279 5.102 0.188 25.0
3-IIOF-A32 0.066 5.266 5.112 0.188 25.0
5-IIOF-All 0.046 3.040 3.062 0.250 19.0
5-IIOF-A12 0.046 3.070 3.042 0.250 19.0
5-IIOF-A21 0.046 4.080 4.042 0.250 22.0
5-IIOF-A22 0.046 4.050 4.062 0.250 22.0
5-IIOF-A31 0.046 5.070 5.052 0.250 25.0




Dimensions of I-Beams Used in the Experimental Investigation
Specimen t B1 D R L
No. (in. ) (in. ) (in. ) (in. ) (in. )
3-IEOF-A31 0.062 5.268 5.090 0.188 23.0
3-IEOF-A32 0.062 5.249 5.093 0.188 23.0
5-IEOF-All 0.046 3.050 3.020 0.250 17.0
5-IEOF-All 0.046 3.080 3.000 0.250 17.0
5-IEOF-All 0.046 4.060 4.040 0.250 20.0
5-IEOF-All 0.046 4.100 4.010 0.250 20.0
5-IEOF-All 0.046 5.080 5.030 0.250 23.0
5-IEOF-All 0.046 5.040 5.060 0.250 23.0
1-IITF-All 0.047 3.050 3.000 0.250 11. 0
l-IITF-A12 0.047 3.060 3.010 0.250 11. 0
l-IITF-A21 0.047 4.070 4.020 0.250 14.0
1-IITF-A22 0.047 4.040 4.020 0.250 14.0
1-IITF-A31 0.047 5.050 5.020 0.250 17.0
1-IITF-A32 0.047 5.090 5.010 0.250 17.0
2-IITF-All 0.088 3.070 3.020 0.250 11.0
2-IITF-A12 0.088 3.090 3.010 0.250 11.0
2-IITF-A21 0.088 4.100 4.000 0.250 14.0
2-IITF-A22 0.088 4.080 4.000 0.250 14.0
2-IITF-A31 0.088 5.060 5.000 0.250 17.0
2-IITF-A32 0.088 5.110 5.000 0.250 17.0
3-IITF-All 0.065 3.060 3.010 0.250 11. 0
3-IITF-A12 0.065 3.030 3.020 0.250 11.0
3- IITF-A21 0.065 4.080 4.010 0.250 14.0
3-IITF-A22 0.065 4.050 4.010 0.250 14.0
3-IITF-A31 0.065 5.080 5.020 0.250 17.0
3-IITF-A32 0.065 5.100 5.010 0.250 17.0
5-IITF-All 0.046 3.070 3.020 0.250 11. 0
5-IITF-A12 0.046 3.050 3.030 0.250 11.0
5-IITF-A21 0.046 4.'090 4.000 0.250 14.0
5-IITF-A22 0.046 4.050 4.000 0.250 14.0
5-IITF-A31 0.046 5.060 5.010 0.250 17.0
5-IITF-A32 0.046 5.110 5.020 0.250 17.0
1-IETF-All 0.047 3.070 3.020 0.250 6.5
l-IETF-A12 0.047 3.090 3.010 0.250 6.5
l-IETF-A21 0.047 4.050 4.030 0.250 8.0
1-IETF-A22 0.047 4.090 4.010 0.250 8.0
l-IETF-A31 0.047 5.060 5.050 0.250 9.5
1-IETF-A32 0.047 5.100 5.030 0.250 9.5
2-IETF-All 0.088 3.080 3.010 0.250
6.5




Dimensions of I-Beams Used in the Experimental Investigation
Specimen t Bl D R L
No. (in. ) (in. ) (in. ) (in. ) (in. )
2-IETF-A21 0.088 4.040 4.020 0.250 8.0
2-IETF-A22 0.088 4.070 4.000 0.250 8.0
2-IETF-A31 0.088 5.120 4.980 0.250 9.5
2-IETF-A32 0.088 5.090 4.990 0.250 9.5
3-IETF-All 0.065 3.030 3.050 0.250 6.5
3-IETF-A12 0.065 3.060 3.030 0.250 6.5
3-IETF-A21 0.065 4.030 4.020 0.250 8.0
3-IETF-A22 0.065 4.060 4.020 0.250 8.0
3-IETF-A31 0.065 5.080 5.040 0.250 9.5
3-IETF-A32 0.065 5.100 5.020 0.250 9.5
5-IETF-All 0.046 3.030 3.060 0.250 6.5
5-IETF-A12 0.046 3.070 3.030 0.250 6.5
S-IETF-A21 0.046 4.060 4.020 0.250 8.0
5-IETF-A22 0.046 4.030 4.030 0.250 8.0
S-IETF-A31 0.046 5.040 5.050 0.250 9.5
S-IETF-A32 0.046 5.090 5.020 0.250 9.5
Note: See Fig. 3.4 for definitions of symbols.
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Table A4
Parameters and Sectional Properties of I-beams
Specimen ~taterial t F hit Nih e/h Nit R/ty
Nc. (; ) (ksi), ...n. J
l-IIOF-All 800K 0.046 58.2 63.9 0.680 1.531 43.5 4.761
1-IIOF-A12 BOOK 0.046 5B.2 65.0 0.669 1.505 43.5 4.761
l-IIOF-A21 800K 0.046 58.2 85.7 0.508 1.523 43.5 4.761
l-IIOF-A22 BOOK 0.046 58.2 86.1 0.505 1.515 43.5 4.761
l-IIOF-A31 BOOK 0.046 58.2 108.0 0.402 1.509 43.5 4.761
l-IIOF-A32 BOOK 0.046 58.2 10B.5 0.401 1.503 43.5 4.761
2-IIOF-All BOXF 0.082 8B.3 37.0 0.660 1.485 24.4 2.671
2-IIOF-Al2 BOXF 0.082 88.3 36.3 0.671 1.510 24.4 2.671
2-IIOF-A21 80XF 0.082 8B.3 4B.B 0.500 1.500 24.4 2.671
2-IIOF-A22 BOXF 0.082 8B.3 4B.5 0.503 1.508 24.4 2.671
2-IIOF-A31 80XF 0.082 88.3 60.6 0.402 1.509 24.4 2.671
2-IIOF-A32 BOXF 0.OB2 88.3 60.0 0.407 1.524 24.4 2.671
3-IIOF-All 100XF 0.066 113.1 44.8 0.676 1.520 30.3 2.848
3-IIOF-Al2 100XF 0.066 113.1 45.3 0.669 1.505 30.3 2.848
3-IIOF-A21 100XF 0.066 113.1 60.2 0.504 1.511 30.3 2.848
3-IIOF-A22 100XF 0.066 113.1 60.2 0.504 1.511 30.3 2.848
3-IIOF-A31 100XF 0.066 113.1 75.3 0.402 1.509 30.3 2.848
3-IIOF-A32 100XF 0.066 113.1 75.5 0.402 1.506 30.3 2.848
5-IIOF-All 140SK 0.046 165.1 64.6 0.673 1.515 43.5 5.435
5-IIOF-A12 140SK 0.046 165.1 64.1 0.678 1.525 43.5 5.435
5-IIOF-A21 140SK 0.046 165.1 85.9 0.506 1 ..519 43.5 5.435
5-IIOF-A22 140SK 0.046 165.1 86.3 0.504 1.511 43.5 5.435
5-IIOF-A31 140SK 0.046 165.1 107.B 0.403 1. 512 43.5 5.4.35
5-IIOF-A32 140SK 0.046 165.1 10B.3 0.402 1.506 43.5 5.435
1-IEOF-All BOOK 0.048 58.2 61.0 0.683 1.367 41.7 4.562
l-IEOF-Al2 800K 0.048 58.2 62.0 0.672 1.345 41.7 4.562
1-IEOF-A21 BOOK 0.048 58.2 82.3 0.506 1.392 41.7 4.562
l-IEOF-A22 800K 0.048 58.2 81.8 0.509 1.401 41. 7 4.562
1-IEOF-A31 BOOK 0.048 5B.2 103.1 0.404 1.415 41.7 4.562
1-IEOF-A32 BOOK 0.048 5B.2 103.8 0.401 1.404 41. 7 4.562
2-IEOF-All BOXF 0.082 88.3 36.2 0.674 1.349 24.4 2.671
2-IEOF-AI2 BOXY 0.082 88.3 36.4 0.669 1.339 24.4 2.671
2-IEOF-A21 BOXF 0.OB2 B8.3 48.6 0.502 1.379 24.4 2.671
2-IEOF-A22 80XF 0.082 88.3 48.3 0.505 1.387
24.4 2.671
2-IEOF-A31 80XF 0.082 8B.3 60.2 0.405 1.418 24.4 2.671
2-IEOF-A32 80XF 0.OB2 88.3 60.2 0.405 1.419 24.4
2.671
3-IEOF-All 100XF 0.062 113.1 49.5 0.652
1.305 32.3 3.032
3-IEOF-Al2 100XF 0.062 113.1 48.0 0.672
1.343 32.3 3.032
.3-IEOF-A21 100XF 0.062 113.1 64.3 0.502
1.379 32.3 3.032
3-IEOF-A22 100XF 0.062 113.1 63.7 0.507
1.393 32.3 3.032
Table A4 (Cont'd)
Parameters and Sectional Properties of I-beams
Specimen Material t F hit Nih elh Nit R/ty
No. (in. ) (ksi)
3-IEOF-A31 100X}' 0.062 113.1 80.1 0.403 1.410 32.3 3.032
3-IEOF-A32 100XF 0.062 113.1 80.1 0.402 1.409 32.3 3.032
5-IEOF-All 140SK 0.046 165.1 63.7 0.683 1.366 43.5 5.435
5-IEOF-A12 140SK 0.046 165.1 63.2 0.688 1. 376 43.5 5.435
5-IEOF-A21 140S1\ 0.046 165'.1 85.8 0.507 1.393 43.5 5.435
5-IEOF-A22 140SK 0.046 165.1 85.2 0.510 1.404 43.5 5.435
5-IEOF-A31 140SK 0.046 165.1 107.3 0.405 1.418 43.5 5.435
5-IEOF-A32 140SK 0.046 165.1 108.0 0.403 1.409 43.5 5.435
1-IITF-All 80DK 0.047 58.2 61.8 0.688 1.549 42.6 5.319
1-IITF-A12 80DK 0.047 58.2 62.0 0.686 1.543 42.6 5.319
l-IITF-A21 80DK 0.047 58.2 83.5 0.509 1.528 42.6 5.319
l-IITF-A22 80DK 0.047 58.2 83.5 0.509 1.528 42.6 5.319
1-IITF-A31 80DK 0.047 58.2 104.8 0.406 1.523 42.6 5.319
1-IITF-A32 80DK 0.047 58.2 104.6 0.407 1.526 42.6 5.319
2-IITF-All 80XF 0.088 77 .1 32.3 0.703 1.582 22.7 2.841
2-IITF-A12 80X}' 0.088 77 .1 32.2 0.706 1.588 22.7 2.841
2-IITF-A21 80XF 0.088 77 .1 43.5 0.523 1.569 22.7 2.841
2-IITF-A22 80XF 0.088 77 .1 43.5 0.523 1.569 22.7 2.841
2-IITF-A31 80XF 0.088 77 .1 54.8 0.415 1.555 22.7 2.841
2-IITF-A32 80XF 0.088 77 .1 54.8 0.415 1.555 22.7 2.841
3-IITF-All 100XF 0.065 116.9 44.3 0.694 1.562 30.8 3.846
3-IITF-AI2 100XF 0.065 116.9 44.5 0.692 1.557 30.8 3.846
3-IITF-A21 100XF 0.065 116.9 59.7 0.515 1.546 30.8 3.846
3-IITF-A22 100XF 0.065 116.9 59.7 0.515 1.546 30.8 3.846
3-IITF-A31 100XF 0.065 116.9 75.2 0.409 1.534 30.8 3.846
3-IITF-A32 100XF 0.065 116.9 75.1 0.410 1.537 30.8 3.846
5-IITF-All 140SK 0.046 165.1 63.7 0.683 1.537 43.5 5.435
5-IITF-AI2 140SK 0.046 165.1 63.9 0.681 1.532 43.5 5.435




Parameters and Sectional Properties of I-beams
Specimen Material t F hit Nih elh Nit R/ty
No. (in. ) (ksi)
2-IETF-A21 80XF 0.088 77 .1 43.7 0.520 1. 561 22.7 2.841
2-IETF-A22 80XF 0.088 77 .1 43.5 0.523 1.569 22.7 2.841
2-IETF-A31 80XF 0.088 77 .1 54.6 0.416 1. 561 22.7 2.841
2-IETF-A32 80XF 0.088 77 .1 54.7 0.415 1.558 22.7 2.841
3-IETF-All 100XF 0.065 116.9 44.9 0.685 1.541 30.8 3.846
3-IETF-A12 100XF 0.065 116.9 44.6 0.690 1.552 30.8 3.846
3-IETF-A21 100XF 0.065 116.9 59.8 0.514 1.542 30.8 3.846
3-IETF-A22 100XF 0.065 116.9 59.8 0.514 1.542 30.8 3.846
3-IETF-A31 100XF 0.065 116.9 75.5 0.407 1.527 30.8 3.846
3-IETF-A32 100XF 0.065 116.9 75.2 0.409 1.534 30.8 3.846
5-IETF-All 140SK 0.046 165.1 64.5 0.674 1.516 43.5 5.435
5-IETF-A12 140SK 0.046 165.1 63.9 0.681 1.532 43.5 5.435
5-IETF-A21 140SK 0.046 165.1 85.4 0.509 1.527 43.5 5.435
5-IETF-A22 140SK 0.046 165.1 85.6 0.508 1. 524 43.5 5.435
5-IETF-A31 140SK 0.046 165.1 107.8 0.403 1.513 43.5 5.435
5-IETF-A32 140SK 0.046 165.1 107.1 0.406 1.522 43.5 5.435
Table AS
Dimensions of Hat Sections Used for the Transition Tests
Specimen t Bl B2 D R L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
T- IOF- ITF-1 0.065 2.990 6.010 3.010 0.250 15.0
T-IOF-ITF-2 0.046 4.000 7.970 4.010 0.250 19.0
T-IOF-ITF-3 0.065 4.980 10.020 5.010 0.250 24.0
T- IOF-ITF-4 0.046 3.020 6.030 3.000 0.250 15.0
T- IOF- ITF-5 0.065 4.030 7.990 4.000 0.250 19.0
T-IOF-ITF-6 0.046 4.980 10.010 5.010 0.250 25.0
T- IOF-EOF-1 0.065 2.970 6.030 3.010 0.250 15.0
T-IOF-EOF-2 0.046 4.020 8.020 4.000 0.250 19.0
T- IOF-EOF-3 0.065 5.040 9.980 4.990 0.250 24.0
T-IOF-EOF-4 0.046 3.030 6.010 2.990 0.250 15.0
T-IOF-EOF-5 0.065 3.960 8.020 4.010 0.250 19.0
T-IOF-EOF-6 0.046 4.950 10. a10 5.030 0.250 25.0
T-EOF-ETF-1 0.065 2.980 6.020 3.030 0.250 15.0
T-EOF-ETF-2 0.046 3.990 8.000 4.010 0.250 19.0
T-EOF-ETF-3 0.065 4.970 10. 020 5.010 0.250 24.0
T-EOF-ETF-4 0.046 2.990 6.020 3.020 0.250 15.0
T-EOF-ETF-5 0.065 3.960 8.030 4.020 0.250 19.0
T-EOF-ETF-6 0.046 4.970 10.010 5.010 0.250 25.0




Parameters and Sectional Properties of Hat Sections
Used for the Transition Tests
Specimen ~laterial t F hit Nih elh Nit R/t
Y
No. (in. ) (ksi)
T-IOF-ITF-1 100XF 0.065 116.9 44.3 0.694 0.500 30.8 3.846
T-IOF-ITF-2 140SK 0.046 165.1 85.2 0.510 0.450 43.5 5.435
T- IOF- ITF-3 100XF 0.065 116.9 75.1 0.410 0.400 30.8 3.846
T-IOF-ITF-4 140SK 0.046 165.1 63.2 0.688 0.300 43.5 5.435
T- IOF- ITF-5 100XF 0.065 116.9 59.5 0.517 0.200 30.8 3.846
T-IOF-ITF-6 140SK 0.046 165.1 106.9 0.407 0.100 43.5 5.435
T-IOF-EOF-1 100XF 0.065 116.9 44.3 0.694 0.750 30.8 3.846
T-IOF-EOF-2 140SK 0.046 165.1 85.0 0.512 0.500 43.5 5.435
T-IOF-EOF-3 100XF 0.065 116.9 74.8 0.412 0.400 30.8 3.846
T-IOF-EOF-4 140SK 0.046 165.1 63.0 0.690 0.300 43.5 5.435
T-IOF-EOF-5 100XF 0.065 116.9 59.7 0.515 0.200 30.8 3.846
T-IOF-EOF-6 140SK 0.046 165.1 107.3 0.405 0.100 43.5 5.435
T-EOF-ETF-1 100XF 0.065 116.9 44.6 0.690 0.750 30.8 3.846
T-EOF-ETF-2 140SK 0.046 165.1 85.2 0.510 0.500 43.5 5.435
T-EOF-ETF-3 100XF 0.065 116.9 75.1 0.410 0.400 30.8 3.846
T-EOF-ETF-4 140SK 0.046 165.1 63.7 0.683 0.300 43.5 5.435
T-EOF-ETF-5 100XF 0.065 116.9 59.8 0.514 0.200 30.8 3.846
T-EOF-ETF-6 140SK 0.046 165.1 106.9 0.407 0.100 43.5 5.435
APPENDIX B





Material Properties of Inland Specimens
Source
Specimen Material F Specimen No.y
No. Designation (ksi) Used in Refs. 9 & 10
1 CRLC 35.3 Ref. 9 : Cl
2 CRLC 35.3 C2
3 CRLC 35.3 C3
I CRLC 35.3 C4'+
5 CRLC 35.3 C5
6 CRLC 35.3 C6
7 40XK 39.8 HI
8 40XK 39.8 H2
9 40XK 39.8 H3
10 40XK 39.8 H4
11 40XK 39.8 H5
12 40XK 39.8 H6
13 60DF 47.4 Dl
14 60DF 47.4 D2
15 60DF 47.4 03
16 600F 47.4 04
17 60DF 47.4 05
18 60DF 47.4 06
19 80DF 56.6 El
20 80DF 56.6 E2
21 80DF 56.6 E3
22 80DF 56.6 E4
23 80DF 56.6 E5
24 80DF 56.6 E6
25 60XK 73.0 Gl
26 60XK 73.0 G2
27 6OX}( 73.0 G3
28 60XK 73.0 G4
29 60XK 73.0 GS
30 60XK 73.0 G6
31 160SK 189.0 Ref. 10: i-I
















































































































































Dimensions of Inland Specimens
Specimen t B1 B2 01 02 R L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
1 0.0280 1.0 2.2 1.0 0.30 0.25 36.0
2 0.0280 1.5 3.2 1.5 0.31 0.25 36.0
3 0.0280 2.0 4.2 2.0 0.44 0.25 36.0
4 0.0280 2.5 5.2 2.5 0.38 0.25 36.0
5 0.0280 3.0 6.2 3.0 0.44 0.25 36.0
6 0.0280 4.0 8.2 4.0 0.44 0.25 36.0
7 0.0340 1.0 2.2 1.0 0.30 0.25 36.0
8 0.0340 1.5 3.2 1.5 0.31 0.25 36.0
9 0.0340 2.0 4.2 2.0 0.44 0.25 36.0
10 0.0340 2.5 5.2 2.5 0.38 0.25 36.0
11 0.0340 3.0 6.2 3.0 0.44 0.25 36.0
12 0.0340 4.0 8.2 4.0 0.44 0.25 36.0
13 0.0340 1.0 2.2 1.0 0.30 0.25 36.0
14 0.0340 1.5 3.2 1'.5 0.31 0.25 36.0
15 0.0340 2.0 4.2 2.0 0.44 0.25 36.0
16 0.0340 2.5 5.2 2.5 0.38 0.25 36.0
17 0.0340 3.0 6.2 3.0 0.44 0.25 36.0
18 0.0340 4.0 8.2 4.0 0.44 0.25 36.0
19 0.0340 1.0 2.2 1.0 0.30 0.25 36.0
20 0.0340 1.5 3.2 1.5 0.31 0.25 36.0
21 0.0340 2.0 4.2 2.0 0.44 0.25 36.0
22 0.0340 2.5 5.2 2.5 0.38 0.25 36.0
23 0.0340 3.0 6.2 3.0 0.44 0.25 36.0
24 0.0340 4.0 8.2 4.0 0.44 0.25 30.0
25 0.0410 1.0 2.2 1.0 0.30 0.25 36.0
26 0.0410 1.5 3.2 1.5 0.31 0.25 36.0
27 0.0410 2.0 4.2 2.0 0.44 0.25 36.0
28 0.0410 2.5 5.2 2.5 0.38 0.25 36.0
29 0.0410 3.0 6.2 3.0 0.44 0.25 36.0
30 0.0410 4.0 8.2 4.0 0.44 0.25 36.0
31 0.0256 1.0 2.1 1.0 0.25 0.19 36.0
32 0.0344 1.0 2.2 1.0 0.41 0.19 36.0
33 0.0256 2.5 3.9 0.9 0.50 0.19 36.0
34 0.0344 2.5 3.9 0.9 0.50 0.19 36.0
35 0.0256 4.0 5.4 0.9 0.50 0.19
36.0
36 0.0344 4.0 5.4 0.9 0.50
0.19 36.0
37 0.0256 1.0 2.1 1.0 0.30
0.25 36.0
38 0.0334 1.0 2.1 1.0 0.30
0.25 36.0
39 0.0256 1.5 3.1 1.5 0.31
0.25 36.0




Dimensions of Inland Specimens
Specimen t B1 B2 D1 D2 R L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
41 0.0256 2.0 4.1 2.0 0.44 0.25 36.0
42 0.0334 2.0 4.1 2.0 0.44 0.25 36.0
43 0.0256 1.0 3.4 2.5 0.50 0.19 36.0
44 0.0344 1.0 3.4 2.5 0.50 0.19 36.0
45 0.0253 ., - 3.i ., ~ 0.44 0.19 36.0_ • .::> ... .::>
46 0.0346 2.5 3.7 2.5 0.44 0.19 36.0
47 0.0256 2.5 4.9 2.5 0.38 0.19 36.0
48 0.0344 2.5 4.9 2.5 0.50 0.19 . 36.0
49 0.0253 2.5 4.9 2.5 0.44 0.19 36.0
50 0.0346 2.5 4.9 2.5 0.44 0.19 36.0
51 0.0256 2.5 5.1 2.5 0.38 0.25 36.0
52 0.0344 2.5 5.1 2.5 0.38 0.25 36.0
53 0.0253 2.5 7.4 2.5 0.44 0.19 36.0
54 0.0346 2.5 7.4 2.5 0.44 0.19 36.0
55 0.0256 4.0 6.4 2.5 0.53 0.19 36.0
56 0.0344 4.0 6.4 2.5 0.53 0.19 36.0
57 0.0253 4.0 5.9 2.5 0.44 0.19 36.058 0.0334 4.0 5.9 2.5 0.44 0.19 36.059 0.0256 3.0 6.1 3.0 0.44 0.25 36.060 0.0334 3.0 6.1 3.0 0.44 0.25 36.061 0.0256 1.0 4.9 4.0 0.56 0.19 36.062 0.0344 1.0 4.9 4.0 0.56 0.19 36.063 0.0256 2.5 6.4 4.0 0.56 0.19 36.064 0.0344 2.5 6.4 4.0 0.56 0.19 36.065 0.0256 4.0 7.9 4.0 0.44 0.19 36.066 0.0344 4.0 7.9 4.0 0.44 0.19 36.067 0.0256 4.0 8.1 4.0 0.44 0.25 36.068 0.0334 4.0 8.1 4.0 0.44 0.25 36.0
Note: See Fig. 4.2 for definitions of symbols.
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Table B3
Parameters and Sectional Properties of Inland Specimens
Specimen Material t F hit Nih elh Nit R/ty
No. r in '\ (ksi)... -_.... ~
1 CRLC 0.0280 35.3 33.7 2.119 10.593 71.43 8.93
2 CRLC 0.0280 35.3 51.6 1.385 6.925 71.43 8.93
3 CRLC 0.0280 35.3 69.4 1.029 5.144 71.43 8.93
4 CRLC 0.0280 35.3 87.3 0.818 4.092 71.43 8.93
5 CRLC 0.0280 35.3 105.1 0.679 3.397 71.43 8.93
6 CRLC 0.0280 35.3 140.9 0.507 2.535 71.43 8.93
7 40XK 0.0340 39.8 27.4 2.146 10.730 58.82 7.35
8 40XK 0.0340 39.8 42.1 1.397 6.983 58.82 7.35
9 40XK 0.0340 39.8 56.8 1.035 5.176 58.82 7.35
10 40XK 0.0340 39.8 71.5 0.822 4.112 58.82 7.35
11 40XK 0.0340 39.8 86.2 0.682 3.411 58.82 7.35
12 40XK 0.0340 39.8 115.6 0.509 2.543 58.82 7.35
13 60DF 0.0340 47.4 27.4 2.146 10.730 58.82 7.35
14 60DF 0.0340 47.4 42.1 1.397 6.983 58.82 7.35
15 60DF 0.0340 47.4 56.8 1.035 5.176 58.82 7.35
16 60DF 0.0340 47.4 71.5 0.822 4.112 58.82 7.35
17 60DF 0.0340 47.4 86.2 0.682 3.411 58.82 7.35
18 60DF 0.0340 47.4 115.6 0.509 2.543 58.82 7.35
19 80DF 0.0340 56.6 27.4 2.146 10.730 58.82 7.35
20 80DF 0.0340 56.6 42.1 1.397 6.983 58.82 7.35
21 80DF 0.0340 56.6 56.8 1.035 5.176 58.82 7.35
22 80DF 0.0340 56.6 71.5 0.822 4.112 58.82 7.35
23 80DF 0.0340 56.6 86.2 0.682 3.411 58.82 7.35
24 80DF 0.0340 56.6 115.6 0.509 2.543 58.82 7.35
25 60XK 0.0410 73.0 22.4 2.179 10.893 48.78 6.10
26 60XK 0.0410 73.0 34.6 1.410 7.052 48.78 6.10
27 60XK 0.0410 73.0 46.8 1.043 5.214 48.78 6.10
28 60XK 0.0410 73.0 59.0 0.827 4.130 48.78 6.10
29 60XK 0.0410 73.0 71. 2 0.685 3.427 48.78 6.10
30 60XK 0.0410 73.0 95.6 0.510 2.552 48.78 6.10
31 160SK 0.0256 189.0 37.1 2.108 10.540 78.12 7.42
32 160SK 0.0344 184.0 27.1 2.148 10.739 58.14 5.52
33 160SK 0.0256 189.0 33.2 2.356 11.781 78.12 7.42
34 160SK 0.0344 184.0 24.2 2.406 12.031
58.14 5.52
35 160SK 0.0256 189.0 33.2 2.J56 11. 781
78.12 7.42
36 160SK 0.0344 184.0 24.2 2.406
12.031 58.14 5.52
37 160SK 0.0256 185.0 37.1 2.108
10.540 78.12 9.77
38 160SK 0.0334 169.0 27.9 2.143
10.716 59.88 7.49
39 160SK 0.0256 185.0 56.6 1.380
6.902 78.12 9.77





Parameters and Sectional Properties of Inland Specimens
Specimen Material t F hit Nih e/h N/t R/ty
No. (in. ) (ksi)
41 160SK 0.0256 185.0 76.1 1.026 5.131 78.12 9.77
42 160SK 0.0334 169.0 57.9 1.035 5.173 59.88 7.49
43 160SK 0.0256 189.0 95.7 0.817 4.084 78.12 7.42
44 160SK 0.0344 184.0 70.7 0.823 4.113 58.14 5.52
45 160SK 0.0253 176.0 96.8 0.817 4.083 79.05 7.51
46 160SK 0.0346 180.0 70.3 0.823 4.114 57.S0 5.49
47 160SK 0.0256 189.0 95.7 0.817 4.084 78.12 7.42
48 160SK 0.0344 184.0 70.7 0.823 4.113 58.14 5.52
49 160SK 0.0253 176.0 96.8 0.817 4.083 79.05 7.51
50 160SK 0.0346 180.0 70.3 0.823 4.114 57.80 5.49
51 160SK 0.0256 185.0 95.7 0.817 4.084 78.12 9.77
52 160SK 0.0344 169.0 70.7 0.823 4.113 58.14 7.27
53 160SK 0.0253 176.0 96.8 0.817 4.083 79.05 7.51
54 160SK 0.0346 180.0 70.3 0.823 4.114 57.80 5.49
55 160SK 0.0256 189.0 95.7 0.817 4.084 78.12 7.42
56 160SK 0.0344 184.0 70.7 0.823 4.113 58.14 5.5257 160SK 0.0253 189.0 96.8 0.817 4.083 79.05 7.5158" 160SK 0.0334 184.0 72.9 0.822 4.110 59.88 5.6959 160SK 0.0256 185.0 115.2 0.678 3.391 78.12 9.7760 160SK 0.0334 169.0 87.8 0.682 3.409 59.88 7.4961 160SK 0.0256 189.0 154.2 0.506 2.532 78.12 7.4262 160SK 0.0344 184.0 114.3 0.509 2.544 58.14 5.5263 160SK 0.0256 189.0 154.2 0.506 2.532 78.12 7.4264 160SK 0.0344 184.0 114.3 0.509 2.544 58.1 ... 5.5265 160SK 0.0256 189.0 154.2 0.506 2.532 78.12 7.4266 160SK 0.0344 184.0 114.3 0.509 2.544 58.14 5.5267 160SK 0.0256 185.0 154.2 0.506 2.532 78.12 9.7768 160SK 0.0334 169.0 117.8 0.508 2.542 59.88 7.49
Table B4






As Formed Specimen Designation
Fyf(ksi) Fyw(ksi) Used in Ref. 10
1 MILD 27.5 31.0 49.7 U
2 HSLA-50 41.7 44.8 68.8 A
3 DPL-85T 67.0 69.6 94.0 T
I DPA-90T"+ 48.3 56.1 102.3 S
5 DPLB-85-T-M 58.8 56.9 101. 7 W'
6 DPLB-85-T 62.3 61.1 94.8 X
7 HSLA-80 108.4 108.4 125.4 R
8 DPL-85T 61.3 62.7 80.4 P
9 HSLA-80 71.3 75.9 97.0 0
10 MILD 35.7 39.8 59.8 L
11 HSLA-50 63.2 55.3 71.6 K
12 DPA-90T 58.5 55.9 92.8 M
13 HSLA-80 84.2 84.2 115.2 N
Table 8.5
Dimensions of Ford Specimens
Specimen t t f t
B1 B2 D1 R N
w
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
1 0.0315 0.0330 0.0300 1.563 3.0 2.402 0.1 2.0
2 0.0350 0.0356 0.0340 1.570 3.0 2.405 0.1
2.0
3 0.0318 0.0323 0.0300 1.564 3.0 2.402
0.1 2.0
4 0.0343 0.0346 0.0290 1.569 3.0 2.404
0.1 2.0
5 0.0290 0.0300 0.0260 1.558 3.0
2.399 0.1 2.0
6 0.0290 0.0302 0.0260 1.558 3.0
2.399 0.1 2.0
7 0.0330 0.0330 0.0300 1.566 3.0
2.403 0.1 2.0
8 0.0380 0.0400 0.0380 1.576
3.0 2.408 0.1 2.0
9 0.0420 0.0440 0.0390 1.584
3.0 2.412 0.1 2.0
10 0.0590 0.0594 0.0540 1.618
3.0 1.959 0.1 2.0
11 0.0540 0.0594 0.0510 1.608
3.0 1. 954 0.1 .2.0
12 0.0530 0.0543 0.0520 1.606
3.0 1.953 0.1 2.0
13 0.0550 0.0550 0.0510 1.610
3.0 1. 955 0.1 2.0





Parameters and Sectional Properties of Ford Specimens
Specimen Material t F hit Nih elh NIt R/ty
No. (in. ) (ksi)
1 MILD 0.0300 49.7 78.1 0.854 1. 708 66.67 3.33
2 HSLA-50 0.0340 68.8 68.7 0.856 1. 712 58.82 2.94
3 DPL-85T 0.0300 94.0 78.1 0.854 1. 708 66.67 3.33
4 DPA-90T 0.0290 102.3 80.9 0.853 1.705 68.97 3.45
5 DPLB-85-T-M 0.0260 101. 7 90.3 0.852 1.704 76.92 3.85
6 DPLB-85-T 0.0260 94.8 90.3 0.852 1. 704 76.92 3.85
7 HSLA-80 0.0300 125.4 78.1 0.854 1. 707 66.67 3.33
8 DPL-85T 0.0380 80.4 61.4 0.858 1.715 52.63 2.63
9 HSLA-80 0.0390 97.0 59.8 0.857 1. 714 51.28 2.56
10 MILD 0.0540 59.8 34.3 1.080 2.161 37.04 1. 85
11 HSLA-50 0.0510 71.6 36.3 1.080 2.160 39.22 1. 96
12 DPA-90T 0.0520 92.8 35.6 1.082 2.163 38.46 1. 92
13 HSLA-80 0.0510 115.2 36.3 1.079 2.159 39.22 1. 96
APPENDIX C
TEST DATA OBTAINED FROM REFERENCES 41 AND 44
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Table C1
Measured Dimensions of Single-Web Specimens from Reference 41
Specimen t B1 B2 01 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )(in.)
SU-1-IOF-1 .048 1.524 1.482 9.924 0.617 0.690 .1330 1.0 42.0
SU-1-IOF-2 .047 1.486 1.497 9.504 0.597 0.671 .1250 1.0 42.0
SU-1-IOF-5 .049 1.466 1.503 9.951 0.686 0.602 .1250 3.0 42.0
SU-1-IOF-6 .048 1.503 1.495 9.944 0.661 0.679 .1250 3.0 42.0
SU-2-IOF-1 .050 1.512 1.454 12.345 0.632 0.688 .1250 1.0 48.0
SU-2-IOF-2 .048 1.457 1.498 12.310 0.683 0.682 .1250 1.0 48.0
SU-2-IOF-5 .049 1.514 1.464 12.305 0.647 0.706 .1250 3.0 48.0
SU-2-IOF-6 .049 1.483 1.487 12.345 0.662 0.668 .1250 3.0 48.0
SU-5-IOF-l .049 2.648 2:660 6.193 0.611 0.606 .0938 1.0 30.0
SU-S-IOF-2 .050 2.651 2.662 6.177 0.606 0.600 .0938 1.0 30.0
SU-5-IOF-3 .050 2.641 2.651 6.194 0.606 0.619 .097i 2.0 30.0
SU-S-IOF-4 .051 2.650 2.655 6.180 0.622 0.607 .0938 2.0 30.0
SU-5-IOF-S .OSO 2.6SS 2.661 6.186 0.613 0.615 .0898 3.0 30.0
SU-S-IOF-6 .050 2.647 2.648 6.192 0.609 0.616 .0938 3.0 30.0
SU-6-IOF-l .OSO 3.134 3.139 7.371 0.615 0.618 .0938 1.0 30.0
SU-6-IOF-2 .050 3.134 3.113 7.410 0.616 0.597 .0859 1.0 30.0
SU-6-IOF-3 .049 3.137 3.131 7.380 0.616 0.598 .0898 2.0 30.0
SU-6-IOF-4 .050 3.104 3.118 7.438 0.597 0.610 .0938 2.0 30.0
SU-6-IOF-5 .049 3.135 3.136 7.396 0.620 0.596 .0938 3.0 30.0
SU-6-IOF-6 .050 3.133 3.137 7.379 0.612 0.604 .0898 3.0 30.0
~1-SU-6-IOF-1 .050 3.124 3.134 7.397 0.615 0.607 .0938 1.0 30.0
M-SU-6 - IOF- 2 .OSO 3.128 3.120 7.389 0.625 0.609 .0938 1.0 30.0
M-SU-6-IOF-5 .051 3.148 3.121 7.386 0.616 0.613 .0938 3.0 30.0
~1-SU-6-IOF-6 .050 3.136 3.139 7.363 0.619 0.614 .0938 3.0 30.0
U-SU-17-IOF-S .049 1.396 1.417 4.908 0.0 0.0 .0470 3.0 26.0
U-SU-17-IOF-6 .049 1.390 1.385 4.901 0.0 0.0 .0470 3.0 26.0
U-SU-18- IOF-S .049 2.175 2.188 9.540 0.0 0.0 .0470 3.0 40.0
U-SU-18-IOF-6 .049 2.184 2.163 9.609 0.0 0.0 .0470 3.0 40.0
SU-1-EOF-1 .047 1. 510 1.488 9.977 0.617 0.677 .1250 1.0 42.0
SU-1-EOF-2 .048 1.472 1.507 9.961 0.696 0.610 .1250 1.0 42.0
SU-1-EOF-5 .049 1.514 1.494 9.958 0.649 0.619 .1250 3.0 42.0
SU-1-EOF-6 .050 1.533 1.490 9.961 0.604 0.667 .1406 3.0 42.0
SU-2-EOF-1 .049 1.462 1.4S0 12.225 0.698 0.719 .1250 1.0 48.0
SU-2-EOF-2 .048 1.461 1.459 12.220 0.714 0.729 .1250 1.0 48.0
SU-2-EOF-S .048 1.453 1.441 12.290 0.693 0.750 .1250 3.0 48.0
SU-2-EOF-6 .047 1.465 1.484 12.245 0.727 0.691 .1250 3.0 48.0
SU-4-EOF-1 .050 2.164 2.161 4.925 0.610 0.620 .0870 1.0 30.0
SU-4-EOF-2 .050 2.157 2.148 4.931 0.613 0.625 .0781 1.0 30.0
SU-4-EOF-3 .050 2.157 2.163 4.921 0.619 0.615 .0859 2.0 30.0




Measured Dimensions of Single-Web Specimens from Reference 41
Specimen t B1 B2 D1 02 03 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in.) (in.)
SU-4-EOF-5 .050 2.165 2.167 4.938 0.610 0.595 .0846 3.0 30.0
SU-4-EOF-6 .049 2.152 2.152 4.952 0.618 0.603 .0859 3.0 30.0
SU-5-EOF-1 .050 2.695 2.655 6.189 0.603 0.599 .0938 1.0 30.0
SU-5-EOF-2 .051 2.667 . 2.677 6.157 0.613 0.614 .0898 1.0 30.0
SU-5-EOF-3 .051 2.651 2.651 6.206 0.614 0.596 .0938 2.0 30.0
SU-5-EOF-4 .051 2.648 2.643 6.204 0.619 0.609 .1016 2.0 30.0
SU-5-EOF-5 .051 2.658 2.651 6.190 0.616 0.604 .0938 3.0 30.0
SU-5-EOF-6 .050 2.653 2.656 6.188 0.615 0.602 .0938 3.0 30.0
SU-6-EOF-1 .050 3.135 3.142 7.384 0.607 0.611 .0859 1.0 30.0
SU-6-EOF-2 .049 3.134 3.131 7.392 0.617 0.607 .0938 1.0 30.0
SU-6-EOF-3 .049 3.126 3.142 7.387 0.619 0.597 .0859 2.0 30.0
SU-6-EOF-4 .049 3.136 3.142 7.394 0.605 0.609 .0977 2.0 30.0
SU-6-EOF-5 .050 3.142 3.139 7.394 0.610 0.603 .0938 3.0 30.0
SU-6-EOF-6 .050 3.139 3.136 7.400 0.604 0.606 .0938 3.0 30.0
M-SU-4-EOF-1 .050 2.161 2.184 4.899 0.603 0.619 .0898 1.0 30.0
M-SU-4-EOF-2 .051 2.169 2.164 4.939 0.606 0.611 .0938 1.0 30.0
M-SU-4-EOF-5 .050 2.159 2.174 4.895 0.607 0.607 .0859 3.0 30.0
M-SU-4-EOF-6 .050 2.165 2.174 4.919 0.605 0.601 .0938 3.0 30.0
~1-SU-6-EOF-1 .050 3.124 3.131 7.371 0.620 0.613 .0938 1.0 30.0
M-SU-6-EOF-2 .051 3.128 3.146 7.375 0.616 0.604 .0938 1.0 30.0
M-SU-6-EOF-5 .050 3.148 3.132 7.365 0.617 0.609 .0938 3.0 30.0
M-SU-6-EOF-6 .051 3.136 3.136 7.380 0.616 0.610 .0938 3.0 30.0
U-SU-17-EOF-1 .049 1. 397 1.387 4.959 0.0 0.0 .0470 3.0 26.0
U-SU-17-EOF-2 .049 1.429 1.386 4.915 0.0 0.0 .0470 3.0 26.0
U-SU-17-EOF-5 .049 1.433 1.424 4.891 0.0 0.0 .0470 3.0 26.0
U-SU-17-EOF-6 .049 1.388 1.446 4.919 0.0 0.0 .0470 3.0 26.0
U-SU-18-EOF-1 .049 2.182 2.177 9.555 0.0 0.0 .0470 3.0 40.0
U-SU-18-EOF-2 .049 2.124 2.133 9.636 0.0 0.0 .0470 3.0 40.0
U-SU-18-EOF-5 .050 2.130 2.131 9.330 0.0 0.0 .0470 3.0 40.0
U-SU-18-EOF-6 .049 2.133 2.136 9.332 0.0 0.0 .0470 3.0 40.0
SU-1-ITF-1 .048 1.465 1.503 9.955 0.676 0.611 .1250 1.0 21.0
SU-1-ITF-2 .048 1.485 1.484 9.943 0.663 0.613 .1250 1.0 21.0
SU-1-ITF-5 .048 1.462 . 1. 488 9.955 0.630 0.663 .1250 3.0 21. 0
SU-1-ITF-6 .047 1.493 1.482 9.959 0.6.43 0.638 .1250 3.0 21. 0
SU-2-ITF-1 .048 1.483 1.518 12.340 0.646 0.616 .1250 1.0 24.0
SU-2-ITF-2 .048 1.473 1.536 12.305 0.652 0.595 .1250 1.0 24.0
SU-2-ITF-5 .048 1.457 1.464 12.255 0.688 0.711 .1250 3.0 24.0
SU-2-ITF-6 .047 1.457 1.470 12.215 0.689 0.737 .1250 3.0 24.0
SU-4-ITF-1 .052 2.166 2.156 4.944 0.587 0.614 .0938 1.0 15.0
SU-4-ITF-2 .052 2.150 2.154 4.960 0.588 0.615 .0938 1.0 15.0
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Table C1 (Cont'd)
Measured Dimensions of Single-Web Specimens from Reference 41
Specimen t B1 B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
SU-4-ITF-3 .050 2.169 2.170 4.941 0.594 0.605 .0938 2.0 15.0
SU-4-ITF-4 .051 2.164 2.166 4.957 0.612 0.594 .0940 2.0 15.0
SU-4-ITF-5 .052 2.137 2.162 4.947 0.620 0.597 .1054 3.0 15.0
SU-4-ITF-6 .051 2.170 2.147 4.928 0.620 0.628 .1015 3.0 15.0
SU-5-ITF-1 .050 2.668 2.670 6.179 0.612 0.619 .0938 1.0 15.0
SU-5-ITF-2 .050 2.682 2.657 6.171 0.623 0.610 .0938 1.0 15.0
SU-5-ITF-3 .051 2.654 2.654 6.192 0.615 0.618 .0938 2.0 15.0
SU-5-ITF-4 .050 2.645 2.646 6.174 0.620 0.612 .0938 2.0 15.0
SU-5-ITF-5 .050 2.664 2.665 6.159 0.615 0.615 .0938 3.0 15.0
SU-5-ITF-6 .050 2.664 2.649 6.175 0.615 0.612 .0938 3.0 15.0
SU-6-ITF-1 .050 3.169 3.124 7.354 0.615 0.610 .0938 1.0 15.0
SU-6-ITF-2 .050 3.155 3.126 7.375 0.605 0.619 .0859 1.0 15.0
SU-6-ITF-3 .050 3.145 3.136 7.360 0.608 0.616 .0859 2.0 15.0
SU-6-ITF-4 .050 3.151 3.130 7.380 0.600 0.613 .0938 2.0 15.0
SU-6-ITF-5 .050 3.125 3.131 7.376 0.622 0.614 .0938 3.0 15.0
SU-6-ITF-6 .049 3.160 3.125 7.378 0.626 0.597 .0938 3.0 15.0
U-SU-17-ITF-5 .050 1.421 1.425 4.858 0.0 0.0 .0470 3.0 13.0
U-SU-17-ITF-6 .049 1.450 1.467 4.811 0.0 0.0 .0470 3.0 13.0
U-SU-19-ITF-5 .049 0.599 0.600 9.628 0.0 0.0 .0470 3.0 20.0
U-SU-19-ITF-6 .049 0.592 0.604 9.691 0.0 0.0 .0470 3.0 20.0
SU-1-ETF-1 .046 1.478 1.480 9.917 0.650 0.643 .1250 1.0 21. 0
SU-1-ETF-2 .047 1.474 1.481 9.938 0.663 0.641 .1250 1.0 21.0
SU-1-ETF-5 .048 1.464 1.482 9.942 0.648 0.658 .1250 3.0 21.0
SU-1-ETF-6 .048 1.453 1.479 9.949 0.649 0.653 .1250 3.0 21.0
SU-2-ETF-1 .047 1.508 1.455 12.305 0.630 0.711 .1250 1.0 24.0
SU-2-ETF-2 .049 1.527 1.455 12.310 0.614 0.710 .1250 1.0 24.0
SU-2-ETF-5 .047 1.513 1.445 12.330 0.628 0.685 .1250 3.0 24.0
SU-2-EIT-6 .049 1.508 1.446 12.320 0.638 0.692 .1250 3.0 24.0
SU-4-ETF-1 .050 2.149 2.120 4.964 0.593 0.620 .0938 1.0 15.0
SU-4-ETF-2 .052 2.162 2.159 4.940 0.617 0.608 .1015 1.0 15.0
SU-4-ETF-3 .051 2.151 2.160 4.951 0.601 0.590 .0938 2.0 15.0
SU-4-ETF-4 .051 2.171 2.167 4.928 0.609 0.600 .0938 2.0 15.0
SU-4-ETF-5 .050 2.165 2.152 4.941 0.589 0.605 .0938 3.0 15.0
SU-4-ETF-6 .050 2.166 2.172 4.935 0.~11 0.598 .0938 3.0 15.0
SU-5-ETF-1 .051 2.668 2.666 6.165 0.606 0.613 .0898 1.0 15.0
SU-5-ETF-2 .051 2.655 2.650 6.197 0.617 0.605 .0898 1.0 15.0
SU-5-ETF-3 .051 2.659 2.667 6.204 0.593 0.606 .0938 2.0 15.0
SU-5-ETF-4 .050 2.663 2.663 6.186 0.603 0.619 .1016 2.0 15.0
SU-5-ETF-5 .051 2.657 2.653 6.176 0.612 0.614 .0938 3.0 15.0
SU-5-ETF-6 .050 2.655 2.656 6.187 0.618 0.612 .0938 3.0 15.0
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Table C1 (Cont'd)
Measured Dimensions of Single-Web Specimens from Reference 41
Specimen t B1 B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )(in.)
SU-6-ETF-1 .049 3.153 3.122 7.377 0.609 0.614 .0938 1.0 15.0
SU-6-ETF-2 .050 3.152 3.148 7.372 0.613 0.602 .0938 1.0 15.0
SU-6-ETF-3 .049 3.129 3.126 7.380 0.623 0.616 .0977 2.0 15.0
SU-6-ETF-4 .050 3.133 3.158 7.379 0.603 0.607 .0938 2.0 15.0
SU-6-ETF-5 .050 3.123 3.126 7.409 0.607 0.607 .0938 3.0 15.0
SU-6-ETF-6 .050 3.157 3.117 7.387 0.599 0.614 .0938 3.0 15.0
U-SU-17-ETF-5 .049 1. 379 1. 394 4.949 0.0 0.0 .0470 3.0 13.0
U-SU-17~ETF-6 .049 1.441 1.341 4.930 0.0 0.0 .0470 3.0 13.0
U-SU-19-ETF-5 .049 0.584 0.594 9.643 0.0 0.0 .0470 3.0 20.0
U-SU-19-ETF-6 .049 0.611 0.610 9.627 0.0 0.0 .0470 3.0 20.0
Note: See definitions of symbols in Fig. Cl.
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Table C2
Measured Dimensions of Single-Web Specimens from Reference 44
Specimen t B1 B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
A-3 .050 2.519 2.500 4.950 0.600 0.620 .0781 2.0 4.4
A-4 .050 2.501 2.519 4.946 0.620 0.600 .0781 2.0 4.4
A-5 .050 2.516 2.512 4.964 0.610 0.609 .0781 2.0 9.2
A-6 .050 2.512 2.525 4.933 0.607 0.611 .0781 2.0 9.2
A-7 .050 2.512 2.508 4.961 0.605 0.604 .0781 2.0 14.0
A-8 .050 2.500 2.512 4.962 0.605 0.602 .0781 2.0 14.0
A-9 .051 2.509 2.513 4.952 0.600 0.620 .0781 2.0 3.2
A-10 .051 2.507 2.512 4.958 0.600 0.620 .0781 2.0 3.2
A';U
.051 2.519 2.518 4.938 0.610 0.605 .0781 2.0 4.4
A-12 .051 2.518 2.516 4.954 0.600 0.617 .0781 2.0 4.4
A-13 .051 2.518 2.523 4.946 0.605 0.610 .0781 2.0 5.6
A-14 .051 2.518 2.506 4.933 0.609 0.605 .0781 2.0 5.6
A-15 .050 2.507 2.519 4.922 0.618 0.603 .0781 2.0 6.8
A-16 .050 2.510 2.520 4.913 0.618 0.609 .0781 2.0 6.8
A-17 .050 2.510 2.507 4.944 0.605 0.619 .0781 2.0 8.0
A-18 .050 2.500 2.519 4;939 0.630 0.602 .0781 2.0 8.0
A-21 .052 2.561 2.565 5.948 0.600 0.620 .0781 2.0 4.9
A-22 .051 2.561 2.569 5.941 0.630 0.590 .0781 2.0 4.9
A-23 .052 2.572 2.577 5.911 0.612 0.605 .0781 2.0 10.7
A-24 .051 2.555 2.579 5.914 0.618 0.611 .0781 2.0 10.7
t\-25 .052 2.573 2.554 5.940 0.575 0.620 .0781 2.0 16.5
A-26 .052 2.549 2.554 5.939 0:586 0.620 .0781 2.0 16.5
A-27 .052 2.561 2.554 5.953 0.630 0.628 .0781 2.0 3.5
A-28 .051 2.541 2.567 5.954 0.626 0.630 .0781 2.0 3.5
A-29 .052 2.550 2.571 5.928 0.612 0.607 .0781 2.0 4.9
A-30 .052 2.547 2.572 5.930 0.594 0.604 .0781 2.0 4.9
A-31 .052 2.544 2.559 5.943 0.620 0.595 .0781 2.0 6.4
A-32 .052 2.540 2.558 5.944 0.610 0.600 .0781 2.0 6.4
A-33 .052 2.534 2.561 5.940 0.625 0.590 .0781 2.0 7.8
A-34 .052 2.540 2.557 5.938 0.650 0.570 .0781 2.0 7.8
A-35 .051 2.535 2.545 5.938 0.630 0.575 .0781 2.0 9.3
A-36 .051 2.524 2.556 5.938 0.635 0.630 .0781 2.0 9.3
Cl-3 .051 2.531 2.535 4.881 0.617 0.623 .0781 2.0 7.0
Cl-4 .051 2.537 2.536 4.892 0.624 0.628 .0781 2.0 7.0
Cl-5 .050 2.528 2.534 4.946 0.621 0.620 .0781 2.0 11. 9
CI-6 .050 2.535 2.535 4.945 0.617 0.624 .0781 2.0 11. 9
Cl-7 .051 2.516 2.520 4.948 0.606 0.604 .0781 2.0 16.8
Cl-8 .050 2.502 2.502 5.020 0.595 0.628 .0781 2.0 16.8
Cl-9 .050 2.490 2.499 4.971 0.616 0.596 .0781 2.0 21. 7
C1-10 .051 2.528 2.523 5.933 0.613 0.620 .0781 2.0 21. 7
Cl-13 .046 2.573 2.505 5.817 0.779 0.446 .0703 2.0 7.9
Cl-14 .046 2.568 2.479 5.830 0.830 0.410 .0703 2.0 7.9
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Table C2 (Cont'd)
Measured Dimensions of Single-Web Specimens from Reference 44
Specimen t Bl B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in.)
Cl-15 .046 2.536 2.459 5.854 0.860 0.368 .0703 2.0 13.8
Cl-16 .046 2.562 2.534 5.813 0.630 0.568 .0703 2.0 13.8
Cl-17 .046 2.523 2.503 5.890 0.632 0.600 .0703 2.0 19.7
Cl-18 .046 2.544 2.508 5.882 0.635 0.570 .0703 2.0 19.7
CI-19 .052 2.540 2 .. 553 5.959 0.590 0.550 .0703 2.0 25.6
Cl-20 .052 2.557 2.565 5.974 0.615 0.608 .0703 2.0 25.6
C2-3 .050 2.507 2.506 4.943 0.611 0.619 .0781 1.0 11. 9
C2-4 .050 2.521 2.505 4.938 0.611 0.607 .0781 1.0 11.9
C2-5 .050 2.516 2.521 4.912 0.612 0.612 .0781 1.0 16.9
C2-6 .050 2.513 2.501 4.940 0.621 0.595 .0781 1.0 16.9
C2-7 .050 2.503 2.502 4.960 0.618 0.611 .0781 1.0 21.8
C2-8 .050 2.517 2.521 4.932 0.614 0.612 .0781 1.0 21. 8
C2-9 .050 2.519 2.530 4.950 0.604 0.612 .0781 1.0 26.7
C2-10 .050 2.530 2.505 4.949 0.612 0.600 .0781 1.0 26.7
C2-13 .052 2.545 2.550 5.991 0.532 0.568 .0703 1.0 12.9
C2-14 .052 2.549 2.560 5.994 0.620 0.532 .0703 1.0 12.9
C2-15 .052 2.552 2.559 5.973 0.554 0.600 .0703 1.0 18.8
C2-16 .052 2.539 2.545 5.973 0.620 0.604 .0703 1.0 18.8
C2-17 .052 2.541 2.539 5.978 0.589 0.607 .0703 1.0 24.7
C2-18 .052 2.551 2.567 5.950 0.608 0.587 .0703 1.0 24.7
C2-19 .052 2.544 2.565 5.927 0.612 0.608 .0703 1.0 30.6
C2-20 .052 2.559 2.533 5.956 0.592 0.609 .0703 1.0 30.6
C3-1 .050 2.521 2.517 4.920 0.606 0.618 .0781 1.0 11.0
C3-2 .050 2.514 2.523 4.946 0.600 0.604 .0781 1.0 11.9
C3-3 .051 2.513 2.507 4.962 0.616 0.614 .0781 1.0 15.9
C3-4 .051 2.512 2.506 4.963 0.621 0.615 .0781 1.0 15.9
C3-5 .051 2.523 2.521 4.950 0.602 0.604 .0781 1.0 20.8
C3-6 .050 2.501 2.518 4.958 0.610 0.590 .0781 1.0 20.8
C3-7 .050 2.519 2.526 4.939 0.617 0.606 .0781 1.0 25.7
C3-8 .051 2.525 2.502 4.956 0.611 0.610 .0781 1.0 25.7
C3-9 .049 2.512 2.526 4.945 0.630 0.580 .0781 1.0 30.6
C3-10 .050 2.514 2.509 4.948 0.600 0.630 .0781 1.0 30.6
C3-11 .045 2.521 2.496 5.892 0.603 0.700 .0859 1.0 11.0
C3-12 .045 2.507 2.493 5.903 0.594 0.714 .0859 1.0 11.0
C3-13 .045 2.496 2.499 5.926 0.543 0.692 .0859 1.0 16.9
C3-14 .045 2.514 2.497 5.946 0.566 0.716 .0859 1.0 16.9
C3-15 .049 2.641 2.646 6.156 0.625 0.621 .0703 1.0 22.8
C3-16 .049 2.633 2.667 6.143 0.622 0.640 .0703 1.0 22.8
C3-17 .052 3.016 3.015 5.845 0.751 0.737 .0703 1.0 28.7
C3-18 .052 3.045 3.032 5.828 0.656 0.607 .0703 1.0 28.7
C3-19 .052 3.036 3.036 5.914 0.555 0.576 .0703 1.0 34.6
C3-20 .052 3.030 3.044 5.909 0.602 0.560 .0703 1.0 34.6




Measured Dimensions of Single-Web Specimens from Reference 41
Used for Combined Bending and Web Crippling
Specimen t B1 B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) Cin. )( in.)
SU-BC-1-1 .046 1. 959 1. 908 4.774 0.607 0.585 .0625 3.0 40.0
SU-BC-1-2 .046 1. 930 1. 913 4.781 0.582 0.590 .0625 3.0 40.0
SU-BC-1-3 .046 1. 935 1. 936 4.727 0.613 0.601 .0625 3.0 74.0
SU-BC-1-4 .047 1. 926 1. 954 4.689 0.632 0.639 .0625 3.0 74.0
SU-BC-1-5 .047 1.930 1. 932 4.723 0.633 0.637 .0625 3.0 138.0
SU-BC-1-6 .046 1.889 1.929 4.699 0.629 0.640 .0625 3.0 138.0
SU-BC-3-1 .049 1.642 1.649 9.808 0.639 0.617 .0470 3.0 66.0
SU-BC-3-2 .049 1.638 1.639 9.781 0.641 0.617 .0470 3.0 66.0
SU-BC-3-3 .049 1.644 1.643 9.778 0.635 0.620 .0470 3.0 94.0
SU-BC-3-4 .049 1.638 1.635 9.812 0.639 0.632 .0470 3.0 94.0
SU-BC-3-5 .048 1.636 1.633 9.780 0.625 0.638 .0470 3.0 128.0
SU-BC-3-6 .049 1.645 1.639 9.807 0.628 0.632 .0470 3.0 128.0
SU-BC-15 -1 .050 3.141 3.160 7.428 0.620 0.584 .0781 3.0 46.0
SU-BC-15-2 .051 3.130 3.166 7.443 0.603 0.625 .0781 3.0 46.0
SU-BC-15-3 .051 3.154 3.145 7.423 0.605 0.615 .0781 3.0 86.0
SU-BC-15-4 .050 3.124 3.155 7.431 0.581 0.620 .0781 3.0 86.0
SU-BC-15-5 .051 3.155 3.156 7.406 0.615 0.612 .0781 3.0 138.0
SU-BC-15-6 .052 3.153 3.154 7.412 0.611 0.613 .0781 3.0 138.0
SU-4-IOF-1 .049 2.158 2.156 4.960 0.596 0.585 .0781 1.0 25.0
SU-4-IOF-2 .050 2.155 2.153 4.935 0.593 0.610 .0781 1.0 25.0
SU-4-IOF-3 .050 2.169 2.173 4.941 0.587 0.610 .0938 2.0 25.0
SU-4-IOF-4 .050 2.169 2.165 4.931 0.624 0.588 .0859 2.0 25.0
SU-4-IOF-5 .050 2.179 2.138 4.935 0.604 0.608 .0781 3.0 25.0
SU-4-IOF-6 .050 2.173 2.149 4.909 0.600 0.609 .0781 3.0 25.0
M-SU-4-IOF-1 .050 2.156 2.162 4.974 0.591 0.619 .0938 1.0 25.0
M-SU-4-IOF-2 .051 2.174 2.152 4.908 0.607 0.623 .0977 1.0 25.0
M-SU-4-IOF-5 .051 2.167 2.137 4.931 0.603 0.608 .0938 3.0 25.0
M-SU-4-IOF-6 .050 2.165 2.162 4.936 0.615 0.600 .0898 3.0 25.0
SU-BC-6-1 .050 1.633 1.627 2.561 0.637 0.628 .0781 3.0 50.5
SU-BC-6-2 .050 1.638 1.631 2.571 0.643 0.611 .0781 3.0 50.5
SU-BC-6-3 .051 1.635 1.631 2.560 0.645 0.609 .0781 3.0 78.5
SU-BC-16-1 .051 1.502 1.501 4.016 0.603 0.616 .0625 3.0 64.5
SU-BC-16-2 .050 1.488 1.487 4.033 0.601 0.613 .0625 3.0 64.5
SU-BC-16-3 .051 1.483 1.491 4.056 0.598 0.619 .0625 3.0 104.5
SU-BC-16-4 .051 1.808 1.803 4.047 0.608 0.607 .0625 3.0 104.5
SU-BC-7-1 .047 2.498 2.486 4.786 0.598 0.581 .0625 3.0 76.5
SU-BC-7-2 .046 2.487 2.503 4.787 0.615 0.589 .0625 3.0 76.5
SU-BC-7-3 .046 2.497 2.510 4.733 0.614 0.598 .0625 3.0 108.5
SU-BC-7-4 .046 2.498 2.508 4.753 0.623 0.590 .0625 3.0 108.5




Measured Dimensions of Single-Web Specimens from Reference 41
Used for Combined Bending ~ld Web Crippling
Specimen t B1 B2 D1 02 03 R N L
No. (in. ) (in. ) (in. ) (in. ) (in ..} (in. ) (in. ) (in. ) (in. )
SU-BC-8-2 .050 2.983 2.981 6.195 0.602 0.626 .0781 3.0 86.5
SU-BC-8-3 .050 2.995 3.005 6.190 0.616 0.602 .0781 3.0 118.5
SU-BC-8-4 .050 2.996 2.992 6.192 0.618 0.611 .0781 3.0 118.5
SU-BC-S'-1 .076 2.259 2.262 4.021 0.729 0.732 .0938 3.0 70.5
SU-BC-8'-2 .076 2.250 2.242 4.075 0.713 0.722 .0938 3.0 70.5
SU-BC-a'-3 .076 2.259 2.263 4.132 0.716 0.691 .0938 3.0 106.5
SU-BC-a'-4 .076 2.261 2.264 4.120 0.709 0.727 .0938 3.0 106.5




Measured Dimensions of I-Beams from Reference 41
Specimen t B1 B2 D1 D2 03 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
I-1-IOF-1 0.048 1.500 1.490 9.980 0.609 0.649 .1250 1.0 42.0
I-1-IOF-2 0.048 1.450 1.472 10.047 0.646 0.652 .1250 1.0 42.0
I-1-IOF-5 0.048 1.450 1.453 9.975 0.659 0.625 .1250 3.0 42.0
I-1-IOF-6 0.048 1.398 1.485 9.953 0.705 0.653 .1250 3.0 42.0
1-2-IOF-1 0.049 1.460 1.435 12.338 0.703 0.oi3 .1250 1.0 48.0
I-Z-IOF-2 0.050 1.465 1.506 12.360 0.658 0.680 .1250 1.0 48.0
I-2-IOF-5 0.049 1.448 1.513 12.327 0.654 0.682 .1250 3.0 48.0
I-2-IOF-6 0.050 1.483 1.507 12.360 0.647 0.631 .1250 3.0 48.0
1-3-IOF-1 0.049 1. 981 1. 992 7.380 0.608 0.605 .0938 1.0 34.0
1-3-IOF-2 0.050 1.972 1. 975 7.389 0.601 0.609 .0938 1.0 34.0
1-6"-IOF-1 0.046 2.997 3.027 7.090 0.640 0.600 .0938 1.0 32.0
1-6"-IOF-2 0.046 2.941 2.995 6.950 0.670 0.680 .0938 1.0 32.0
1-9-IOF-1 0.046 3.467 3.480 6.988 0.602 0.467 .0938 1.0 32.0
1-9-IOF-2 0.045 3.447 3.478 7.004 0.507 0.518 .0938 1.0 32.0
1-9-IOF-5 0.045 3.461 3.475 6.965 0.596 0.476 .0938 3.0 32.0
1-9-IOF-6 0.044 3.464 3.494 6.947 0.575 0.488 .0938 3.0 32.0
1-12-IOF-1 0.051 1.482 1.517 7.433 0.593 0.580 .0938 1.0 34.0
1-12-IOF-2 0.052 1.500 1.521 7.449 0.604 0.608 .0938 1.0 34.0
1-12-IOF-5 0.051 1.485 1.461 7.468 0.591 0.599 .0938 3.0 34.0
I-U-18-IOF-5 0.049 2.114 2.125 9.655 .0470 3.0 40.0
I-U-18-IOF-6 0.049 2.136 2.159 9.636 .04iO 3.0 40.0
I-1-EOF-1 0.047 1.487 1.481 9.935 0.605 0.688 .1250 1.0 42.0
I-1-EOF-2 0.047 1. 379 1.475 9.894 0.735 0.681 .1250 1.0 42.0
I-1-EOF-5 0.047 1.459 1.510 9.945 0.678 0.628 .1250 3.0 42.0
I-1-EOF-6 0.046 1.434 1.453 9.936 0.710 0.626 .1250 3.0 42.0
1-2-EOF-1 0.049 1.497 1.522 12.340 0.662 0.673 .1250 1.0 48.0
1-2-EOF-2 0.048 1.481 1.488 12.340 0.700 0.680 .1250 1.0 48.0
1-2-EOF-S 0.049 1.513 1.491 12.340 0.648 0.682 .12S0 3.0 48.0
1-2-EOF-6 0.050 1.454 1.469 12.340 0.722 0.631 .1250 3.0 48.0
1-3-EOF-1 0.049 2.008 2.013 7.361 0.620 0.607 .0938 1.0 34.0
1-3-EOF-2 0.050 2.003 2.007 7.337 0.!J05 0.599 .0938 1.0 34.0
1-3-EOF-S 0.049 2.000 2.005 7.362 0.606 0.603 .0938 3.0 34.0
1-3-EOF-6 0.049 1. 997 2.001 7.367 0.612 0.610 .0938 3.0 34.0
1-3'-EOF-1 0.046 1. 962 1.915 7.114 0.5.96 0.628 .0983 1.0 32.0
1-3'-EOF-2 0.046 1.949 1.903 7.017 0.635 0.590 .0983 1.0 32.0
1-3'-EOF-S 0.046 1.942 1. 956 7.095 0.642 0.639 .0983 3.0 32.0
1-3'-EOF-6 0.046 1. 950 1.934 7.0:31 0.630 0.608 .0983 3.0 32.0
I-S'-EOF-S 0.060 1. 739 1.744 7.300 0.532 0.523 .0938 3.0 34.0
1-5'-EOF-6 0.060 1.740 1.742 7.297 0.534 0.516 .0938 3.0 34.0
1-6-EOF-1 0.075 1. 7S0 1. 751 7.405 0.509 0.544 .1016 1.0 34.0
245
Table C4 (Cant 'd)
Measured Dimensions of I-Beams from Reference 41
Specimen t B1 B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in.) (in.)
1-6-EOF-2 0.075 1.750 1. 750 7.397 0.509 0.522 .0938 1.0 34.0
1-6-EOF-5 0.075 1. 789 1. 783 7.411 0.493 0.529 .0938 3.0 34.0
1-6-EOF-6 0.075 1.768 1.772 7.386 0.496 0.517 .0938 3.0 34.0
1-6-EOF-7 0.077 1. 768 1. 762 7.323 0.497 0.521 .0859 3.0 34.0
1-6-EOF-8 0.076 1.767 1. 770 7.378 0.502 0.515 .0938 3.0 34.0
1-6"-EOF-1 0.046 3.002 2.998 7.121 0.600 0.630 .0938 1.0 32.0
1-6"-EOF-2 0.047 2.972 3.033 6.924 0.642 0.681 .0938 1.0 32.0
1-6"-EOF-5 0.046 2.988 2.976 6.975 0.679 0.664 .0938 3.0 32.0
1-6"-EOF-6 0.046 3.016 3.020 7.105 0.657 0.580 .0938 3.0 32.0
1-9-EOF-1 0.046 3.500 3.457 6.919 0.476 0.612 .0938 1.0 32.0
1-9-EOF-2 0.046 3.469 3.447 6.991 0.476 0.590 .0938 1.0 32.0
1-9-EOF-5 0.046 3.478 3.487 7.002 0.483 0.551 .0938 3.0 32.0
1-9-EOF-6 0.046 3.461 3.469 6.936 0.456 0.648 .0938 3.0 32.0
1-12-EOF-1 0.051 1.506 1.520 7.445 0.601 0.614 .0938 1.0 34.0
1-12-EOF-2 0.050 1.519 1.513 7.445 0.612 0.617 .0938 1.0 34.0
1-12-EOF-5 0.051 1.512 1.513 7.435 0.607 0.612 .0938 3.0 34.0
1-12-EOF-6 0.051 1.509 1.498 7.409 0.597 0.629 .0938 3.0 34.0
1-12'-EOF-5 0.108 3.953 3.937 5.503 1.048 1.038 .1094 3.0 28.0
1-12'-EOF-6 0.108 3.939 3.977 5.528 1.038 1.040 .1094 3.0 28.0
I-16-EOF-1 0.053 2.516 2.524 3.979 0.565 0.582 .0938 1.0 24.0
1-16-EOF-2 0.051 2.519 2.516 3.994 0.617 0.556 .0938 1.0 24.0
1-16-EOF-5 0.051 2.493 2.513 3.023 0.611 0.556 .0938 3.0 24.0
1-16-EOF-6 0.051 2.524 2.502 3.977 0.616 0.600 .0938 3.0 24.0
I-U-17-EOF-5 0.049 1.400 1.375 4.950 .0470 3.0 2b.0
I-U-17-EOF-6 0.049 1. 376 1.450 4.881 .0470 3.0 26.0
I-U-18-EOF-5 0.049 2.118 2.100 9.641 .0470 3.0 40.0
I-U-18-EOF-6 0.049 2.120 2.150 9.641 .0470 3.0 40.0
I-1-ITF-1 0.047 1.509 1.497 9.946 0.633 0.699 .1250 1.0 21. 0
I-I-ITF-2 0.048 1.462 1.463 9.982 0.656 0.646 .1250 1.0 21. 0
1-1-ITF-5 0.046 1.498 1.468 9.942 0.678 0 .. 638 .1250 3.0 21.0
1-1-ITF-6 0.047 1.490 1.521 9.939 0.671 0.632 .1250 3.0 21.0
r-2-ITF-l 0.048 1.478 1.470 12.290 0.698 0.632 .1250 1.0 24.0
1-2-ITF-Z 0.047 1.500 1.500 12.280 0.606 0.645 .1250 1.0 24.0
I-Z-ITF-5 0.047 1.500 1.497 12.320 0.629 0.637 .1250 3.0 24.0
I-Z-ITF-6 0.048 1.497 1.473 12.320 0.640 0.660 .1250 3.0 24.0
1-3-ITF-l 0.050 1. 984 1. 995 7.371 0.607 0.608 .0898 1.0 17.0
1-3-ITF-Z 0.050 1. 979 1. 981 7.384 0.601 0.618 .0938 1.0 17.0
1-3-ITF-5 0.050 1.990 1.990 7.374 0.609 0.620 .0898 3.0 17.0
1-3-ITF-6* 0.049 1.999 2.002 7.381 0.611 0.608 .0938 3.0 17.0




Measured Dimensions of I-Beams from Reference 41
Specimen t Bl B2 Dl D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )(in.)
I-3-ITF-2* 0.050 1. 987 1. 992 7.393 0.627 0.596 .0938 1.0 17.0
I-3-ITF-5* 0.049 1. 987 2.004 7.387 0.617 0.612 .0938 3.0 17.0
I-3-ITF-6* 0.049 1.977 1.984 7.387 0.612 0.605 .0938 3.0 17.0
I-S'-ITF-S 0.061 1. 739 1. 744 7.309 0.532 0.523 .0938 3.0 17.0
I -,
-ITF-6 0.062 1.740 1. 742 7.314 0.534 0.516 .0938 3.0 17.0-:J
I-6-ITF-1 0.075 1.787 1.766 7.405 0.493 0.521 .0938 1.0 17.0
I-6-ITF-2 0.075 1.766 1.767 7.405 0.495 0.515 .0938 1.0 17.0
1-6-ITF-5 0.075 1.781 1.772 7.360 0.495 0.520 .0938 3.0 17.0
1-6-ITF-6 0.075 1.784 1. 771 7.362 0.496 0.505 .0938 3.0 17.0
1-6-ITF-7 0.076 1.746 1. 753 7.391 0.512 0.530 .0938 3.0 17.0
I-6-ITF-8 0.076 1. 762 1.768 7.414 0.504 0.515 .0938 3.0 17.0
I-6"-ITF-1 0.046 3.035 2.998 7.088 0.631 0.637 .0938 1.0 16.0
1-6"-ITF-2 0.047 2.987 2.996 7.079 0.626 0.621 .0938 1.0 16.0
1-6"-ITF-5 0.046 3.023 3.016 7.092 0.631 0.607 .0938 3.0 16.0
1-6"-ITF-6 0.046 3.007 3.002 7.093 0.675 0.568 .0938 3.0 16.0
1-12'-ITF-5 0.108 3.977 3.981 5.512 1.054 1.035 .1094 3.0 14.0
I-12'-ITF-6 0.108 3.971 3.964 5.S00 1.054 1.048 .1094 3.0 14.0
I-1-ETF-l 0.048 1.515 1.502 9.938 0.629 0.648 .1250 1.0 21. 0
I-I-ETF-2 0.049 1.487 1.484 9.969 0.625 0.647 .1250 1.0 21. 0
I-I-ETF-5 0.049 1.500 1.443 9.913 0.673 0.644 .1250 3.0 21. 0
I-I-ETF-6 0.049 1.542 1.449 9.967 0.655 0.619 .1250 3.0 21. 0
1-2-ETF-1 0.047 1.538 1.443 12.340 0.628 0.680 .1250 1.0 24.0
1-2-ETF-2 0.046 1.509 1.491 12.330 0.679 0.678 .1250 1.0 24.0
1-2-ETF-5 0.047 1.472 1.515 12.370 0.600 0.672 .1250 3.0 24.0
1-2-ETF-6 0.046 1.482 1.494 12.290 0.686 0.672 .1250 3.0 24.0
1-3-ETF-1 0.050 1.984 1. 995 7.356 0.607 0.608 .0898 1.0 17.0
1-3-ETF-2 0.049 1. 979 1. 981 7.352 0.601 0.618 .0938 1.0 17.0
I-3-ETF-S 0.050 1. 999 1.990 7.376 0.609 0.620 .0898 3.0 17.0
1-3-ETF-6 0.049 1.999 2.002 7.376 0.611 0.608 .0938 3.0 17.0
1-3-ETF-1* 0.050 1. 986 1.983 7.359 0.611 0.613 .0938 1.0 17.0
1-3-ETF-2* 0.050 1. 987 1. 992 7.370 0.627 0.596 .0938 1.0 17.0
I-3-ETF-S* 0.049 1. 987 2.004 7.374 0.617 0.612 .0938 3.0 17.0
1-3-ETF-6* 0.050 1.977 1. 984 7.366 0.612 0.605 .0938 3.0 17.0
I-S'-ETF-5 0.060 1. 738 1.742 7.297 0.541 0.525 .0938 3.0 17.0
I-S'-ETF-6 0.060 1.741 1.748 7.316 0.545 0.529 .1094 3.0 17.0
1-6-ETF-1 0.075 1.775 1. 775 7.365 0.496 0.514 .0938 1.0 17.0
1-6-ETF-2 0.075 1.766 1. 769 7.355 0.500 0.522 .0938 1.0 17.0
1-6-ETF-5 0.075 1. 772 1.757 7.365 0.500 0.527 .0938 3.0 17.0
1-6-ETF-6 0.075 1. 765 1.768 7.396 0.496 0.527 .0938 3.0 17.0




Measured Dimensions of I-Beams from Reference 41
Specimen t B1 B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )(in.)
I-6-ETF-8 0.076 1. 763 1. 769 7.390 0.502 0.518 .0938 3.0 17.0
I-6"-ETF-1 0.047 2.991 3.007 7.017 0.662 0.601 .0938 1.0 16.0
I-6"-ETF-1 0.046 2.992 2.992 7.065 0.689 0.609 .0938 1.0 16.0
I-6"-ETF-1 0.046 2.988 3.030 7 .111 0.591 0.591 .0938 3.0 16.0
r-6"-ETF-1 0.046 2.994 3.017 7.096 0.600 0.612 .0938 3.0 16.0
I-12'-ETF-5 0.108 3.984 3.971 5.509 1.037 1.052 .1094 3.0 14.0
I-12'-ETF-5 0.108 3.990 3.981 5.510 1.064 1.036 .1094 3.0 14.0
2b-6-ETF 0.060 2.555 2.545 3.980 0.740 0.780 1.5 10.0
3-4-ETF 0.060 1. 975 1. 965 3.970 0.560 0.530 2.5 10.0
4a-6-ETF 0.061 2.980 2.995 6.100 0.790 0.800 1.0 16.0
4a-7-ETF 0.061 2.980 2.995 6.100 0.790 0.800 1.5 16.0
4b-4-ETF 0.061 2.980 2.99S 6.100 0.790 0.800 2.5 16.0
6a-5-ETF 0.065 3.020 3.020 7.980 0.800 0.800 1.0 16.0
6a-6-ETF 0.065 3.020 3.020 7.980 0.800 0.800 1.5 16.0
6b-5-ETF 0.065 3.020 3.020 7.980 0.800 0.800 2.5 16.0
9a-3-ETF 0.107 2.485 2.485 3.940 0.750 0.740 1.0 10.0
9b-S-ETF 0.107 2.485 2.485 3.940 0.750 0.740 1.0 10.0
9b-6-ETF 0.107 2.485 2.485 3.940 0.750 0.740 1.5 10.0
9b-7-ETF 0.107 2.485 2.485 3.940 0.750 0.740 2.5 10.0
10a-6-ETF 0.108 3.015 3.000 5.920 0.800 0.770 1.0 16.0
10a-7-ETF 0.108 3.015 3.000 5.920 0.800 0.770 1.5 16.0
lOb-5-ETF 0.108 3.015 3.000 5.920 0.800 0.770 2.5 16.0
13a.-S-ETF 0.134 2.445 2.460 3.960 0.720 0.710 1.0 16.0
13a-6-ETF 0.134 2.445 2.460 3.960 0.720 0.710 1.5 16.0
13b-4-ETF 0.134 2.445 2.460 3.960 0.720 0.710 2.5 16.0
14a-6-ETF 0.148 3.005 3.000 5.9S0 0.680 0.680 1.0 16.0
14a-7-ETF 0.148 3.005 3.000 5.950 0.680 0.680 1.5 16.0
14b-S-ETF 0.148 3.005 3.000 5.950 0.680 0.680 2.5 16.0
16d-3-ETF 0.046 1.200 1.510 8.020 0.640 1.020 1.0 16.0
16d-4-ETF 0.046 1.200 1.510 8.020 0.640 1.020 2.5 16.0
17d-3-ETF 0.076 1.450 1.990 7.980 0.840 1.000 1.0 36.0
17d-4-ETF 0.076 1. 450 1.990 7.980 0.840 1.000 2.5 36.0
18a-3-ETF 0.123 2.510 3.500 8.100 1.020 1.020 1.0 16.0
18a-4-ETF 0.123 2.510 3.500 8.100 1.020 1.020 2.5 16.0
Note: See definition of si~bols in Fig. C2
2.+8
Table C5
Measured Dimensions of I-Beams from Reference 41
Used for Combined Bending and Web Crippling
Specimen t B1 B2 D1 D2 D3 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
I-BC-4-1 .046 2.060 2.060 4.690 4.690 0.600 .0938 3.0 35.0
I-BC-4-2 .046 2.060 2.060 4.690 4.690 0.600 .0938 3.0 35.0
I-BC-4-3 .046 2.060 2.060 4.690 4.690 0.600 .0938 3.0 60.0
I-BC-4-4 .046 2.060 2.060 4.690 4.690 0.600 .0938 3.0 60.0
I-BC-4-5 .046 2.060 2.060 4.690 4.690 0.600 .0938 3.0 118.0
I-BC-4-6 .046 2.060 2.060 4.690 4.690 0.600 .0938 3.0 118.0
I-BC-5-1 .049 4.500 4.500 9.750 9.750 0.700 .0938 3.0 40.0
I-BC-5-2 .049 4.500 4.500 9.750 9.750 0.700 .0938 3.0 40.0
I-BC-5-3 .049 4.500 4'.500 9.750 9.750 0.700 .0938 3.0 72.0
I-BC-5-4 .049 4.500 4.500 9.750 9.750 0.700 .0938 3.0 72.0
I-BC-5-5 .049 4.500 4.500 9.750 9.750 0.700 .0938 3.0 130.0
I-BC-5-6 .049 4.500 4.500 9.750 9.750 0.700 .0938 3.0 130.0
I-BC-6-1 .049 1.625 1.625 2.500 2.500 0.600 .0938 3.0 26.0
I-BC-6-2 .049 1.625 1.625 2.500 2.500 0.600 .0938 3.0 26.0
I-BC-6-3 .049 1.625 1.625 2.500 2.500 0.600 .0938 3.0 34.0
I-BC-6-4 .049 1.625 1.625 2.500 2.500 0.600 .0938 3.0 34.0
I-BC-6-5 .049 1.625 1.625 2.500 2.500 0.600 .0938 3.0 48.0
I-BC-6-6 .049 1.625 1.625 2.500 2.500 0.600 .0938 3.0 48.0
I-BC-8-1 .076 2.250 2.250 4.000 4.000 0.700 .1250 3.0 28.0
I-BC-8-2 .076 2.250 2.250 4.000 4.000 0.700 .1250 3.0 28.0
I-BC-8-3 .076 2.250 2.250 4.000 4.000 0.700 .1250 3.0 42.0
I-BC-8-4 .076 2.250 2.250 4.000 4.000 0.700 .1250 3.0 42.0
I-BC-8-5 .076 2.250 2.250 4.000 4.000 0.700 .1250 3.0 82.0
I-BC-8-6 .076 2.250 2.250 4.000 4.000 0.700 .1250 3.0 82.0
I-BC-9-1 .076 2.250 2.250 7.680 7.680 0.700 .1250 3.0 52.0
I-BC-9-2 .076 2.250 2.250 7.680 7.680 0.700 .1250 3.'0 52.0
I-BC-9-3 .076 2.250 2.250 7.680 7.680 0.700 .1250 3.0 92.0
I-BC-9-4 .076 2.250 2.250 7.680 7.680 0.700 .1250 3.0 92.0 .
I-BC-9-5 .076 2.250 2.250 7.680 7.680 0.700 .1250 3.0 144.0
I-BC-9-6 .076 2.250 2.250 7.680 7.680 0.700 .1250 3.0 144.0
I-BC-9'-1 .048 3.500 3.500 7.300 7.300 0.600 .0781 3.0 38.0
I-BC-9'-2 .048 3.500 3.500 7.300 7.300 0.600 .0781 3.0 38.0
I-BC-9'-3 .048 3.500 3.500 7.300 7.300 0.600 .0781 3.0 68.0
I-BC-9'-4 .048 3.500 3.500 7.300 7.300 0.600 .0781 3.0 68.0
I-BC-9'-5 .048 3.500 3.500 7.300 7.300 0.600 .0781 3.0 144.0
I-BC-9'-6 .048 3.500 3.500 7.300 7.300 0.600 .0781 3.0 144.0
I-BC-10-1 .107 2.375 2.375 5.438 5.438 0.800 .1094 3.0 32.0
I-BC-10-2 .107 2.375 2.375 5.438 5.438 0.800 .1094 3.0 32.0
I-BC-10-3 .107 2.375 2.375 5.438 5.438 0.800 .1094 3.0 50.0
I-BC-10-4 .107 2.375 2.375 5.438 5.438 0.800 .1094 3.0 50.0
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Table C5 (Cont'd)
Measured Dimensions of I-Beams from Reference 41
Used for Combined Bending and Web Crippling
Specimen t Bl B2 01 02 03 R N L
No. (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (in. )
I-BC-I0-5 .107 2.375 2.375 5.438 5.438 0.800 .1094 3.0 94.0
I-BC-I0-6 .107 2.375 2.375 5.438 5.438 0.800 .1094 3.0 94.0
I-BC-13-1 .107 5.000 5.000 10.690 10.690 1.000 .1250 3.0 60.0
I-BC-13-2 .107 5.000 5.000 10.690.10.690 1.000 .1250 3.0 60.0
I-BC-13-3 .107 5.000 5.000 10.690 10.690 1.000 .1250 3.0 80.0
I-BC-13-4 .107 5.000 5.000 10.690 10.690 1.000 .1250 3.0 80.0
I-BC-13-5 .107 5.000 5.000 10.690 10.690 1.000 .1250 3.0 108.0
I-BC-13-6 .107 5.000 5.000 10.690 10.690 1.000 .1250 3.0 108.0
1-3-rOF-5 .048 2.000 2.000 7.300 7.300 0.600 .0938 3.0 34.0
1-3-IOF-6 .048 2.000 2.000 7.300 7.300 0.600 .0938 3.0 34.0
1-3'-IOF-1 .046 1.940 1.940 6.990 6.990 0.600 .0938 1.0 32.0
1-3'-IOF-2 .046 1.940 1.940 6.990 6.990 0.600 .0938 1.0 32.0
r-3'-IOF-5 .046 1.940 1.940 6.990 6.990 0.600 .0938 3.0 32.0
r-3'-IOF-6 .046 1.940 1.940 6.990 6.990 0.600 .0938 3.0 32.0
1-5'-rOF-5 .060 1. 750 1. 750 7.250 7.250 0.550 .0938 3.0 34.0
1-5'-IOF-6 .060 1. 750 1. 750 7.250 7.250 0.550 .0938 3.0 34.0
1-6-IOF-1 .075 1. 750 1. 750 7.250 7.250 0.550. .0938 1.0 34.0
1-6-IOF-2 .075 1. 750 1. 750 7.250 7.250 0.550 .0938 1.0 34.0
r-6-rOF-5 .075 1. 750 1.750 7.250 7.250 0.550 .0938 3.0 34.0
1-9-IOF-6 .075 1. 750 1. 750 7.250 7.250 0.550 .0938 3.0 34.0
1-6-IOF-7 .075 1. 750 1. 750 7.250 7.250 0.550 .0938 3.0 34.0
1-6-IOF-S .075 1. 750 1. 750 7.250 7.250 0.550 .0938 3.0 34.0
I-6"-IOF-S .046 3. OlD 3.010 6.990 6.990 0.600 .0938 3.0 32.0
r-6"-rOF-6 .046 3.010 3.010 6.990 6.990 0.600 .0938 3.0 32.0
1-12-IOF-6 .051 1.500 1.500 7.450 7.450 0.600 .0938 3.0 34.0
r-12'-rOF-S .108 4.000 4.000 5.438 5.438 1.000 .1094 3.0 28.0
1-12'-IOF-6 .108 4.000 4.000 5.438 5.438 1.000 .1094 3.0 28.0
1-16- IOF-1 .051 2.500 2.500 4.000 4.000 0.600 .0938 1.0 24.0
1-16-IOF-2 .051 2.500 2.500 4.000 4.000 0.600 .0938 1.0 24.0
1-16-IOF-5 .051 2.500 2.500 4.000 4.000 0.600 .0938 3.0 24.0
1-16-IOF-6 .051 2.500 2.500 4.000 4.000 0.600 .0938 3.0 24.0
Note: See definition of symbols in Fig. C2
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Table C6
Paramet.ers and Test Data of Single-Web Specimens from Reference 41
Specimen t hit R/t Nit Nih F Py test
No. (in. ) (ksi) (kips)
SU-1-IOF-1 0.048 204.7 2.77 20.83 0.10 43.8 1. 260
SU-1-IOF-2 0.047 200.2 2.66 21.28 0.11 43.8 1.175
SU-1-IOF-S 0.049 201.1 2.55 61.22 0.30 43.8 1.450
SU-1-IOF-6 0.048 205.2 2.60 62.50 0.30 43.8 1.385
SU-2-IOF-1 0.050 244.9 2.50 20.00 0.08 43.8 1.145
SU-2-rOF-2 0.048 254.5 2.60 20.83 0.08 43.8 1.305
SU-2-IOF-S 0.049 249.1 2.55 61.22 0.25 43.8 1.385
SU-2- IOF-6 0.049 249.9 2.55 61.22 0.24 43.8 1.455
SU-5-IOF-1 0.049 124.4 1. 91 20.41 0.16 47.1 1.403
SU-5-IOF-2 0.050 121.5 1. 88 20.00 0.16 47.1 1.480
SU-S-IOF-3 0.050 121. 9 1. 95 40.00 0.33 47.1 1.750
SU-S-IOF-4 0.051 119.2 1. 84 39.22 0.33 47.1 1.830
SU-5-IOF-S 0.050, 121. 7 1. 80 60.00 0.49 47.1 2.080
SU-5-IOF-6 0.050 121. 8 1. 88 60.00 0.49 47.1 1.835
SU-6-IOF-1 0.050 145.4 1. 88 20.00 0.14 47.1 1.480
SU-6-IOF-2 0.050 146.2 1.72 20.00 0.14 47.1 1.580
SU-6-IOF-3 0.049 148.6 1. 83 40.82 0.27 47.1 1. 890
SU-6-IOF-4 0.050 146.8 1.88 40.00 0.27 47.1 1. 815
SU-6-IOF-5 0.049 148.9 1.91 61.22 0.41 47.1 2.085
SU-6-IOF-6 0.050 145.6 1. 80 60.00 0.41 47.1 1.890
M-SU-6-IOF-1 0.050 145.9 1. 88 20.00 0.14 47.1 1.650
M-SU-6-IOF-2 0.050 145.8 1. 88 20.00 0.14 47.1 1.643
M-SU-6-IOF-5 0.051 142.8 1. 84 58.82 0.41 47.1 2.045
M-SU-6-IOF-6 0.050 145.3 1. 88 60.00 0.41 47.1 2.140
U-SU-17-IOF-5 0.049 98.2 0.96 61.22 0.62 36.3 1.500
U-SU-17-IOF-6 0.049 98.0 0.96 61.22 0.62 36.3 1.525
U-SU-18- IOF-5 0.049 192.7 0.96 61.22 0.32 36.3 1.690
U-SU-18-IOF-6 0.049 194.1 0.96 61.22 0.32 36.3 1.465
SU-1-EOF-1 0.047 210.3 2.66 21.28 0.10 43.8 0.575
SU-1-EOF-2 0.048 205.5 2.60 20.83 0.10 43.8 0.505
SU-1-EOF-5 0.049 201. 2 2.55 61.22 0.30 43.8 0.650
SU-1-EOF-6 0.050 197.2 2.81 60.00 0.30 43.8 0.620
SU-2-EOF-1 0.049 247.5 2.55 20.41 0.08 43.8 0.495
SU-2-EOF-2 0.048 252.6 2.60 20.83 0.08 43.8 0.505
SU-2-EOF-S 0.048 254.0 2.60 62.50 0.25 43.8 0.560
SU-2-EOF-6 0.047 258.5 2.66 63.83 0.25 43.8 0.560
SU-4-EOF-1 0.050 96.5 1. 74 20.00 0.21 47.1 0.898
SU-4-EOF-2 0.050 96.6 1.56 20.00 0.21 47.1 0.905
SU-4-EOF-3 0.050 96.4 1.72 40.00 0.41 47.1 1.038
SU-4-EOF-4 0.049 98.9 1. 79 40.82 0.41 47.1 1.000
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Table C6 (Cont'd)
Parameters and Test Data of Single-Web Specimens from Reference 41
Specimen t hit Rlt Nit Nih F P
Y test
No. (in. ) (\r",'; , (\r';,..,."
'."--,' ........ -r-"
SU-4-EOF-5 0.050 96.8 1. 69 60.00 0.62 47.1 1.125
SU-4-EOF-6 0.049 99.1 1. 75 61.22 0.62 47.1 1.105
SU-5-EOF-1 0.050 121.8 1. 88 20.00 0.16 47.1 0.880
SU-5-EOF-2 0.051 118.7 1. 76 19.61 0.17 47.1 0.838
SU-5-EOF-3 0.051 119.7 1. 84 39.22 0.33 47.1 0.990
SU-5-EOF-4 0.051 119.6 1. 99 39.22 0.33 47.1 0.970
SU-5-EOF-5 0.051 119.4 1.84 58.82 0.49 47.1 1.006
SU-5-EOF-6 0.050 121.8 1.88 60.00 0.49 47.1 1.068
SU-6-EOF-1 0.050 145.7 1.72 20.00 0.14 47.1 0.888
SU-6-EOF-2 0.049 148.9 1.91 20.41 0.14 47.1 0.875
SU-6-EOF-3 0.049 148.8 1. 75 40.82 0.27 47.1 0.903
SU-6-EOF-4 0.049 148.9 1. 99 40.82 0.27 47.1 0.935
SU-6-EOF-5 0.050 145.9 1. 88 60.00 0.41 47.1 1.045
SU-6-EOF-6 0.050 146.0 1.88 60.00 0.41 47.1 1.119
M-SU-4-EOF-1 0.050 96.0 1. 80 20.00 0.21 47.1 0.875
M-SU-4-EOF-2 0.051 94.8 1.84 19.61 0.21 47.1 0.873
M-SU-4-EOF-S 0.050 95.9 1. 72 60.00 0.63 47.1 1.483
M-SU-4-EOF-6 0.050 96.4 1. 88 60.00 0.62 47.1 1.406
M-SU-6-EOF-1 0.050 145.4 1.88 20.00 0.14 47.1 0.850
M-SU-6-EOF-2 0.051 142.6 1.84 19.61 0.14 47.1 0.869
M-SU-6-EOF-S 0.050 145.3 1. 88 60.00 0.41 47.1 1.175
M-SU-6-EOF-6 0.051 142.7 1. 84 58.82 0.41 47.1 1.180
U-SU-17-EOF-1 0.049 99.2 0.96 61. 22 0.62 36.3 0.628
U-SU-17-EOF-2 0.049 98.3 0.96 61.22 0.62 36.3 0.598
U-SU-17-EOF-5 0.049 97.8 0.96 61.22 0.63 36.3 0.898
U-SU-17-EOF-6 0.049 98.4 0.96 61.22 0.62 36.3 0.835
U-SU-18-EOF-1 0.049 193.0 0.96 61.22 0.32 36.3 0.472
U-SU-18-EOF-2 0.049 194.7 0.96 61.22 0.31 36.3 0.428
U-SU-18-EOF-5 0.050 184.6 0.94 60.00 0.33 36.3 0.568
U-SU-18-EOF-6 0.049 188.4 0.96 61.22 0.32 36.3 0.545
SU-1-ITF-1 0.048 205.4 2.60 20.83 0.10 43.8 0.770
SU-I-ITF-2 0.048 205.1 2.60 20.83 0.10 43.8 0.785
SU-1-ITF-5 0.048 205.4 2.60 62.50 0.30 43.8 0.795
SU-1-ITF-6 0.047 209.9 2.66 63.83 0.30 43.8 0.820
SU-2-ITF-1 0.048 255.1 2.60 20.83 0.08 43.8 0.610
SU-2-ITF-2 0.048 254.4 2.60 20.83 0.08 43.8 0.610
SU-2-ITF-5 0.048 253.3 2.60 62.50 0.25 43.8 0.630
SU-2-ITF-6 0.047 257.9 2.66 63.83 0.25 43.8 0.595
SU-4-ITF-1 0.052 93.1 1.80 19.23 0.21 47.1 1.715
SU-4-ITF-2 0.052 93.4 1.80 19.23 0.21 47.1 1.725
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Table C6 (Conttd)
Parameters and Test Data of Single-Web Specimens from Reference 41
Specimen t hit R/t Nit Nih F Py test
No. (in. ) (ksi) (kips)
SU-4-ITF-3 0.050 96.8 1. 88 40.00 0.41 47.1 1.915
SU-4-ITF-4 0.051 9S.2 1. 84 39.22 0.41 47.1 1.980
SU-4-lTF-5 0.052 93.1 2.03 57.69 0.62 47.1 2.210
SU-4-ITF-6 0.051 94.6 1. 99 58.82 0.62 47.1 2.310
SU-S-ITF-1 0.050 121.6 1. 88 20.00 0.16 47.1 1.508
SU-S-ITF-2 0.050 121.4 1. 88 20.00 0.16 47.1 1.530
SU-S-ITF-3 0.051 119.4 1.84 39.22 0.33 47.1 1.550
SU-5-ITF-4 0.050 121.5 1. 88 40.00 0.33 47.1 1. 710
SU-S-ITF-5 0.050 121. 2 1.88 60.00 0.50 47.1 1. 620
SU-5-ITF-6 0.050 121.5 1.88 60.00 0.49 47.1 1. 610
SU-6-ITF-1 0.050 145.1 1. 88 20.00 0.14 47.1 1.465
SU-6-ITF-2 0.050 145.5 1. 72 20.00 0.14 47.1 1.233
SU-6-ITF-3 0.050 145.2 1. 72 40.00 0.28 47.1 1.225
SU-6-ITF-4 0.050 145.6 1.88 40.00 0.27 47.1 1.280
SU-6-ITF-S 0.050 145.5 1. 88 60.00 0.41 47.1 1.330
SU-6-lTF-6 0.049 148.6 1. 91 61.22 0.41 47.1 1. 250
U-SU-17-lTF-5 0.050 95.2 0.94 60.00 . 0.63 36.3 1.605
U-SU-17-ITF-6 0.049 96.2 0.96 61.22 0.64 36.3 1.605
U- SU -19 - lTF - 5 0.049 194.5 0.96 61.22 0.31 36.3 0.750
U-SU-19-ITF-6 0.049 195.8 0.96 61.22 0.31 36.3 0.745
SU-1-ETF-l 0.046 213.6 2.72 21. 74 0.10 48.3 0.320
SU-1-ETF-2 0.047 209.4 2.66 21. 28 0.10 48.3 0.310
SU-I-ETF-S 0.048 205.1 2.60 62.50 0.30 48.3 0.380
SU-1-ETF-6 0.048 205.3 2.60 62.50 0.30 48.3 0.355
SU-2-ETF-1 0.047 259.8 2.66 21.28 0.08 48.3 0.280
SU-2-ETF-2 0.049 249.2 2.55 20.41 0.08 48.3 0.280
SU-2-ETF-S 0.047 260.3 2.66 63.83 0.25 48.3 0.315
SU-2-ETF-6 0.049 249.4 2.S,5 61.22 0.25 48.3 0.290
SU-4-ETF-1 0.050 97.3 1. 88 20.00 0.21 47.1 0.685
SU-4-ETF-2 0.052 93.0 1. 95 19.23 0.21 47.1 0.668
SU-4-ETF-3 0.051 95.1 1. 84 39.22 0.41 47.1 0.745
SU-4-ETF-4 0.051 94.6 1. 84 39.22 0.41 47.1 0.750
SU-4-ETF-S 0.050 96.8 1. 88 60.00 0.62 47.1 0.765
SU-4-ETF-6 0.050 96.7 1. 88 60.00 0.62 47.1 0.775
SU-5-ETF-1 0.051 118.9 1. 76 19.61 0.16 47.1 0.600
SU-5-ETF-2 0.051 119.5 1. 76 19.61 0.16 47.1 0.615
SU-5-ETF-3 0.051 119.6 1. 84 39.22 0.33 47.1 0.615
SU-5-ETF-4 0.050 121.7 2.03 40.00 0.33 47.1 0.625
SU-5-ETF-S 0.051 119.1 1.84 58.82 0.49 47.1 0.685




Parameters and Test Data of Single-Web Specimens from Reference 41
Specimen t hit Rlt Nit Nih F P
Y test
No. (in. ) (1:-c:: • ) (kips)_..._1,
SU-6-ETF-1 0.049 148.6 1. 91 20.41 0.14 47.1 0.585
SU-6-ETF-2 0.050 145.4 1.88 20.00 0.14 47.1 0.545
SU-6-ETF-3 0.049 148.6 1. 99 40.82 0.27 47.1 0.608
SU-6-ETF-4 0.050 145.6 1. 88 40.00 0.27 47.1 0.595
SU-6-ETF-5 0.050 146.2 1.88 60.00 0.41 47.1 0.065
SU-6-ETF-6 0.050 145.7 1. 88 60.00 0.41 47.1 0.660
U-SU-17-ETF-5 0.049 99.0 0.96 61.22 0.62 36.3 0.780
U-SU-17-ETF-6 0.049 98.6 0.96 61.22 0.62 36.3 0.755
U-SU-19-ETF-5 0.049 194.8 0.96 61.22 0.31 36.3 0.455
U-SU-19-ETF-6 0.049 194.5 0.96 61.22 0.31 36.3 0.470
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Table C7
Parameters and Test Data of Single-Web Specimens from Reference 44
Specimen t hit Rlt Nit Nih F Py test
No. (in. ) (ksi) (kips)
A-3 0.051 95.9 1.55 39.60 0.41 48.5 0.870
A-4 0.051 96.8 1.55 39.60 0.41 48.5 0.860
A-5 0.050 96.7 1.56 40.00 0.41 48.5 1. 535
A-6 0.050 96.4 1.56 40.00 0.41 48.5 1.510
A-7 0.050 114.8 1. 56 39.20 0.34 48.5 2.115
A-8 0.050 112.5 1.56 38.50 0.34 48.5 2.130
A-9 0.051 95.3 1.54 39.37 0.41 48.5 0.485
A-I0 0.051 95.5 1.54 39.45 0.41 4,8.5 0.500
A-ll 0.051 94.6 1.53 39.22 0.41 48.5 0.540
A-12 0.051 94.8 1.53 39.22 0.41 48.5 0.520
A-13 0.051 94.6 1.53 39.22 0.41 48.5 0.505
A-14 0.051 94.4 1.53 39.22 0.41 48.5 0.505
A-IS 0.050 96.0 1.56 40.00 0.41 48.5 0.640
A-16 0.050 96.0 1.56 40.00 0.41 48.5 0.625
A-l7 0.050 96.7 1.56 40.00 0.41 48.5 0.670
A-18 0.050 96.6 1. 56 40.00 0.41 48.5 0.655
A-21 0.052 113.3 1. 52 38.83 0.34 51.0 0.775
A-22 0.051 114.4 1.53 39.21 0.34 51.0 0.750
A-23 0.052 112.6 1. 51 38.68 0.34 51.0 1.490
A-24 0.051 113.5 1.53 39.22 0.34 51.0 1. 570
A-25 0.052 112.1 1.50 38.46 0.34 51.0 1.990
A-26 0.052 113.2 1.52 38.84 0.34 51.0 2.005
A-27 0.052 113.4 1.52 38.84 0.34 51.0 0.'+25
A-28 0.051 114.5 1.52 38.83 0.34 51.0 0.415
A-29 0.051 112.6 1.52 38.84 0.34 51.0 0.470
A-30 0.052 112.9 1.52 38.84 0.34 51.0 0.450
A-31 0.052 112.1 1.50 38.46 0.34 51.0 0.525
A-32 0.052 113.3 1.52 38.84 0.34 51.0 0.500
A-33 0.052 113.2 1.52 38.84 0.34 51.0 0.505
A-34 0.052 113.1 1.52 38.84 0.34 51.0 0.555
A-35 0.051 114.4 1.53 39.22 0.34 51.0 0.565
A-36 0.051 114.3 1. 53 39.22 0.34 51.0 0.580
CI-3 0.051 95.5 1.53 39.22 0.'41 47.5 1.300
C1-4 0.051 95.6 1.53 39.22 0.41 47.5 1.150CI-5 0.050 98.7 1.58 40.40 0.41 47.5 1. 670
CI-6 0.050 98.6 1.58 40.40 0.41 47.5 1.860
CI-7 0.051 94.8 1.56 39.20 0.41 47.5 2.000C1-8 0.050 96.9 1.56 40.00 0.41 47.5 1.990CI-9 0.050 97.2 1.56 40.00 0.41 47.5 1. 975CI-10 0.051 93.9 1.56 39.20 0.42 47.5 2.005CI-13 0.046 125.7 1.55 43.96 0.35 38.6 0.710CI-14 0.046 126.0 1.55 43.96 0.35 38.6 0.745
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Table C7 (Cont'd)
Parameters and Test Data of Single-Web Specimens from Reference 44
Specimen t hit R/t Nit Nih F P
Y test
No. ein. ) (ksi) (kips)
Cl-15 0.046 124.7 1.53 43.48 0.35 38.6 1.320
Cl-16 0.046 124.8 1.53 43.67 0.35 38.6 1.175
Cl-17 0.046 127.9 1.53 43.48 0.34 38.6 1.450
Cl-18 0.046 125.6 1.53 43.67 0.35 38.6 1.395
Cl-19 0.051 114.8 1.38 39.22 0.34 51.0 2.115
Cl-20 0.052 112.5 1.35 38.46 0.34 51.0 2.130
C2-3 0.050 96.9 1.56 20.00 0.21 48.6 0.845
C2-4 0.050 96.8 1.56 20.00 0.21 48.6 0.803
C2-5 0.050 96.2 1.56 20.00 0.21 48.6 0.945
C2-6 0.050 96.8 1.56 20.00 0.21 48.6 0.925
C2-7 0.050 97.2 1.56 20.00 0.21 48.6 0.983
C2-8 0.050 96.6 1.56 20.00 0.21 48.6 1.013
C2-9 0.050 97.0 1.56 20.00 0.21 48.6 0.940
C2-10 0.050 97.0 1.56 20.00 0.21 48.6 0.935
C2-13 0.052 113.2 1.35 19.23 0.17 51.1 0.833
C2-14 0.052 113.3 1.35 19.23 0.17 51.1 0.908
C2-15 0.052 112.9 1.35 19.23 0.17 51.1 1.085
C2-16 0.052 112.9 1.35 19.23 0.17 51.1 1. 035
C2-17 0.052 113.0 1.35 19.23 0.17 51.1 1.143
C2-18 0.052 112.4 1. 35 19.23 0.17 51. 1 1.140
C2-19 0.052 112.0 1.35 19.23 0.17 51.1 1-.063
C2-20 0.052 112.5 1.35 19.23 0.17 51.1 1.055
C3-1 0.050 96.4 1.56 20.00 0.21 48.0 1.640
C3-2 0.050 96.9 1.56 20.00 0.21 48.6 1.665
C3-3 0.051 95.3 1.53 19.61 0.21 48.6 1.690
C3-4 0.051 95.3 1.53 19.61 0.21 48.6 1.600
C3-5 0.051 95.1 1.53 19.61 0.21 48.6 1.685
C3-6 0.050 97.2 1.56 20.00 0.21 48.6 1.670
C3-7 0.050 96.8 1.56 20.00 0.21 48.6 1.600
C3-8 0.051 95.2 1.53 19.61 0.21 48.6 1.620
C3-9 0.049 98.9 1.59 20.41 0.21 48.6 1.535
C3-10 0.050 97.0 1.56 20.00 0.21 48.6 1.520
C3-11 0.045 128.9 1. 91 22.22 0.17 38.9 0.970
C3-12 0.045 129.2 1. 91 22.2-2 0.17 38.9 0.950
C3-13 0.045 129.7 1. 91 22.22 0.17 38.9 1. 200
C3-14 0.045 130.1 1. 9f 22.22 0.17 38.9 1.150
C3-15 0.049 123.6 1.43 20.41 0.17 47.4 1.565
C3-16 0.049 123.4 1.43 20.41 0.17 47.4 1.505
C3-17 0.052 110.4 1.35 19.23 0.17 54.0 1.835
C3-18 0.052 110.1 1.35 19.23 0.17 54.0 1.800
C3-19 0.052 111. 7 1.35 19.23 0.17 54.0 1.825
C3-20 0.052 111.6 1.35 19.23 0.17 54.0 1. 770
Table C8
Parameters and Test Data of Single-Web Specimens from Reference 41
Used for Combined Bending and Web Crippling
Specimen t hit R/t Nit Nih F P
Y test
No. (in. ) (ksi) (kips)
SU-BC-1-1 0.046 101.8 1.36 65.22 0.64 33.46 2.280
SU-BC-1-2 0.046 101. 9 1.36 65.22 0.64 33.46 2.260
SU-BC-1-3 0.046 100.8 1.36 65.22 0.65 33.46 1. 720
SU-BC-1-4 0.047 98.8 1.34 64.52 0.65 33.40 1.780
SU-BC-1-S 0.047 98.5 1.33 63.83 0.6S 33.46 1.220
SU-BC-1-6 0.046 100.2 1.36 65.22 0.65 33.46 1.060
SU-BC-3-1 0.049 196.5 0.95 60.73 0.31 36.88 2.400
SU-BC-3-2 0.049 196.0 0.95 60.73 0.31 36.88 2.670
SU-BC-3-3 0.049 195.9 0.95 60.73 0.31 36.88 2.210
SU-BC-3-4 0.049 196.6 0.95 60.73 0.31 36.88 2.340
SU-BC-3-S 0.048 200.1 0.97 61. 98 0.31 36.88 1. 850
SU-BC-3-6 0.049 196.5 0.95 60.73 0.31 36.88 2.040
SU-BC-15-1 0.050 146.6 1.56 60.00 0.41 53.79 4.180
SU-BC-15-2 0.051 143.9 1.53 58.82 0.41 53.79 4.150
SU-BC-15-3 0.051 143.5 l.S3 58.82 0.41 53.79 3.680
SU-BC-15-4 0.050 146.6 1.56 60.00 0.41 53.79 3.600
SU-BC-15-5 0.051 143.2 1.53 58.82 0.41 53.79 3.000
SU-BC-15-6 0.052 140.5 1.50 57.69 0.41 53.79 3.000
SU-4-IOF-1 0.049 98.4 1.58 20.24 0.21 47.12 3.052
SU-4-IOF-2 0.050 97.1 1.57 20.08 0.21 47.12 3.050
SU-4-IOF-3 0.050 96.4 1.87 39.84 0.41 47.12 3.540
SU-4-IOF-4 0.050 96.6 1. 72 40.00 0.41 47.12 3.550
SU-4-IOF-5 0.050 96.7 1.56 60.00 0.62 47.12 4.170
SU-4-IOF-6 0.050 96.2 1.56 60.00 0.62 47.12 3.970
M-SU-4-IOF-l 0.050 97.5 1. 88 20.00 0.21 47.12 3.210
M-SU-4-IOF-2 0.051 95.2 1. 93 19.80 0.21 47.12 3.260
M-SU-4-IOF-3 0.051 94.7 1. 84 58.82 0.62 47.12 4.400
M-SU-4-IOF-4 0.050 96.1 1. 79 59.64 0.62 47.12 4.150
SU-BC-6-1 0.050 49'.5 1.57 60.36 1.22 36.88 1. 760
SU-BC-6-2 0.050 49.7 1.57 60.36 1.21 36.88 1.680
SU-BC-6-3 0.051 48.5 1.54 59.17 1. 22 36.88 1.130
SU-BC-16-1 0.051 76.7 1. 23 58.82 0.77 53.79 2.880
SU-BC-16-2 0.050 78.7 1. 25 60.00 0.76 53.79 2.700
SU-BC-16-3 0.051 77 .5 1. 23 58.82 0.76 53.79 2.010
SU-BC-16-4 0.051 77 .4 1. 23 58.82 0.76 53.79 2.210
SU-BC-7-1 0.047 99.8 1. 33 63.83 0.64 33.46 2.000
SU-BC-7-2 0.046 102.1 1. 36 65.22 0.64 33.46 1.880
SU-BC-7-3 0.046 100.9 1.36 65.22 0.65 33.46 1.400




Parameters and Test Data of Single-Web Specimens from Reference 41
Used for Combined Bending and Web Crippling
Specimen t hit R/t Nit Nih F P
Y test
No. (in. ) (ksi) (kips!
SU-BC-S-2 0.050 121.9 1.56 60.00 0.49 47.12 2.940
SU-BC-8-3 0.050 121.8 1.56 60.00 0.49 47.12 2.620
SU-BC-8-4 0.050 121.8 1.56 60.00 0.49 47.12 2.600
SU-BC-S'-l 0.076 50.9 1.23 39.47 0.78 43.60 4.410
SU-BC-B'-2 0.076 52.0 1.24 39.74 0.76 43.60 4.730
SU-BC-B'-3 0.076 52.4 1.23 39.47 0.75 43.60 3.1S0
SU-BC-S'-4 0.076 52.2 1.23 39.47 0.76 43.60 3.400
Table C9
Parameter and Test Data for I-Beams Obtained from Reference 41
Specimen t hit flit N/r F PII Y testI t\
No. (in. ) (ksi) (kips)
I-l-10F-l 0.048 205.9 20.83 0.10 43.82 2.385
I-l-IOF-2 0.048 207.3 20.83 0.10 43.82 2.490
l-I-10F-5 0.048 205.8 62.50 0.30 43.82 2.910
I-l-IOF-6 0.048 205.4 62.50 0.30 43.82 2.850
I-2-IOF-l 0.049 249.8 20.41 0.08 43.82 2.420
I-2-IOF-2 0.050 245.2 20.00 0.08 43.82 2.470
I-2-IOF-5 0.049 252.2 61.86 0.25 43.82 2.860
I-2-IOF-6 0.050 245.2 60.00 0.24 43.82 2.950
1-3-IOF-1 0.049 148.6 20.41 0.14 47.12 2.505
I-3-IOF-2 0.050 145.8 20.00 0.14 47.12 2.450
I-6"-IOF-1 0.046 152..1 2.1. 74 0.14 30.46 1.800
I-6"-IOF-2 0.046 149.1 21.74 0.15 30.46 1.805
1-9-IOF-1 0.046 149.9 21. 74 0.15 30.46 1.680
I-9-IOF-2 0.045 151.9 21. 98 0.14 30.46 1.540
I-9-IOF-5 0.045 154.5 67.42 0.44 30.46 1. 975
1-9-IOF-6 0.044 155.9 68.18 0.44 30.46 1.885
1-12-IOF-1 0.051 145.2 19.80 0.14 53.79 2.645
1-12-IOF-2 0.052 142.6 19.42 0.14 53.79 2.660
1-12-IOF-5 0.051 145.9 59.41 0.41 53.79 3.365
I-U-18-IOF-5 0.049 195.0 61.22 0.31 36.26 2.730
I-U-18-IOF-6 0.049 194.7 61.22 0.31 36.26 2..565
I-1-EOF-1 0.047 207.2 21.05 0.10 43.82. 1.840
1-1-EOF-2 0.047 208.5 21.28 0.10 43.82 1. 770
1-1-EOF-5 0.047 209.6 63.83 0.30 43.82 2.175
1-1-EOF-6 0.046 214.0 65.22 0.30 43.82 2.210
1-2-EOF-1 0.049 252.4 2.0.62. 0.08 43.82. 1. 730
I-2-EOF-2 0.048 255.1 20.83 0.08 43.82. 1.650
1-2-EOF-5 0.049 249.8 61.22 0.25 43.82 2.305




Parameter and Test Data for I-Beams Obtained trom Reference 41
Specimen t hit R/t Nit F P
Y test
No. (in. ) (ksi) (kips)
1-6-EOF-2 0.075 96.4 13.30 0.14 42.86 5.385
1-6-EOF-5 0.075 96.8 40.00 0.41 42.86 5.630
1-6-EOF-6 0.075 96.2 39.89 0.41 42.86 5.315
1-6-EOF-7 0.077 92.5 38.71 0.42 42.86 5.635
1-6-EOF-8 0.076 95.1 39.47 0.42 42.86 6.750
1-6"-EOF-1 0.046 152.8 21. 74 0.14 33.46 1. 780
1-6"-EOF-2 0.047 146.9 21.51 0.15 33.46 1. 920
1-6"-EOF-5 0.046 149.6 65.22 0.44 33.46 2.540
1-6"-EOF-6 0.046 152.5 65.22 0.43 33.46 2.350
1-9-EOF-1 0.046 148.4 21.74 0.15 33.46 2.075
1-9-EOF-2 0.046 150.0 21. 74 0.14 33.46 1.825
1-9-EOF-5 0.046 150.2 65.22 0.43 33.46 2.510
1-9-EOF-6 0.046 148.8 65.22 0.44 33.46 2.565
1-12-EOF-1 0.051 144.0 19.61 0.14 53.79 2.470
1-12-EOF-2 0.050 146.0 19.88 0.14 53.79 2.505
1-12-EOF-5 0.051 143.8 58.82 0.41 53.79 2.960
1-12-EOF-6 0.051 143.3 58.82 0.41 53.79 2.830
1-12'-EOF-5 0.108 49.0 27.78 0.57 45.68 10.250
1-12'-EOF-6 0.108 49.4 27.91 0.56 45.68 11. 580
1-16-EOF-1 0.053 73.1 18.87 0.26 53.79 2.560
1-16-EOF-2 0.051 77 .1 19.80 0.26 53.79 3.575
1-16-EOF-5 0.051 57.3 58.82 1.03 53.79 3.050
I-16-EOF-6 0.051 76.0 58.82 O. i7 53.79 3.150
I-U-17-EOF-5 0.049 99.0 61.22 0.62 36.26 2.555
I-U-17-EOF-6 0.049 97.6 61.22 0.63 36.26 2.230
I-U-18-EOF-5 0.049 196.8 61.86 0.31 36.26 2.040
I-U-18-EOF-6 0.049 194.8 61.22 0.31 36.26 2.285
I-1-ITF-l 0.047 211. 9 21.51 0.10 43.82 1.625
I-1-ITF-2 0.048 206.0 20.83 0.10 43.82 1.665
I -1-ITF-5 0.046 214.1 65.22 0.30 43.82 1.875
l-1-ITF-6 0.047 209.5 63.83 0.30 43.82 1. 920
1-2-ITF-1 0.048 254.0 20.83 0.08 43.82 1.490
1-2-ITF-2 0.047 256.5 21. 05 0.08 43.82 1.520
1-2-ITF-5 0.047 260.1 63.83 0".25 43.82 1.715
1-2-ITF-6 0.048 254.7 62.50 0.25 43.82 1.690
1-3-ITF-1 0.050 145.4 20.00 0.14 47.12 1.915
1-3-ITF-2 0.050 145.7 20.00 0.14 47.12 2.080
1-3-ITF-5 0.050 145.5 60.00 0.41 47.12 2.375
1-3-ITF-6 0.049 148.6 61.22 0.41 47.12 2.205
1-3-ITF-1* 0.049 148.5 20.41 0.14 47.12 2.090
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Table C9 (Cont'd)
Parameter and Test Data for I-Beams Obtained from Reference 41
Specimen t hit R1t N/v F PtestIJ if\ YNt) (in. ) (ksi) (kips)
1-3-IIT-2* 0.050 145.9 20.00 0.14 47.12 2.170
1-3-IIT-5* 0.049 147.2 60.61 0.41 47.12 2.205
1-3-IIT-6* 0.049 148.8 61.22 0.41 47.12 2.335
1-5'-IIT-5 0.061 117.8 49.18 0.42 47.12 3.775
1-5'-ITF-6 0.062 116.9 48.78 0.42 47.12 4.270
1-6-IIT-l 0.075 96.7 13.33 0.14 42.86 4.480
1-6-IIT-2 0.075 96.6 13.32 0.14 42.86 4.570
1-6-ITF-5 0.075 96.0 39.95 0.42 42.86 4.975
1-6-IIT-6 0.075 96.2 40.00 0.42 42.86 5.300
I-6-IIT-7 0.076 95.3 39.47 0.41 42.86 5.956
I-6-IIT-8 0.076 95.6 39.47 0.41 42.86 6.195
I-6"-ITF-1 0.046 152.1 21.74 0.14 33.46 2.138
I-6"-ITF-2 0.047 150.2 21.51 0.14 33.46 1. 958
I-6"-ITF-5 0.046 152.2 65.22 0.43 33.46 2.380
I-6"-ITF-6 0.046 152.2 65.22 0.43 33.46 2.390
I-12'-ITF-S 0.108 49.0 27.78 0.57 45.68 10.370
I-12'-ITF-6 0.108 48.9 27.78 0.57 45.68 11.390
I-I-EIT-l 0.048 205.0 20.83 0.10 43.82 0.705
I-I-EIT-2 0.049 201. 4 20.41 0.10 43.82 0.690
I-I-EIT-S 0.049 200.3 61.22 0.31 43.82 0.850
I-1-EIT-6 0.049 201. 4 61.22 0.3.Q 43.82 0.935
I-2-ETF-l 0.047 260.6 21.28 0.08 43.82 0.645
I-2-ETF-2 0.046 266.0 21. 74 0.08 43.82 0.665
I-2-EIT-S 0.047 258.4 63.16 0.24 43.82 0.770
1-2-EIT-6 0.046 265.2 65.22 0.25 43.82 0.690
1-3-EIT-1 0.050 145.1 20.00 0.14 47.12 0.805
I-3-EIT-2 0.049 146.5 20.20 0.14 47.12 0.850
1-3-ETF-5 0.050 145.5 60.00 0.41 47.12 1.120
I-3-ETF-6 0.049 148.5 61.22 0.41 47.12 1.035
1-3-ETF-l* 0.050 145.2 20.00 0.14 47.12 0.820
1-3-ETF-2* 0.050 145.4 20.00 0.14 47.12 0.8101-3-EIT-5* 0.049 148.5 61.22 0.41 47.12 1.0051-3-ETF-6* 0.050 145.3 60.00 0.41 47.12 0.960
I-S'-ETF-S 0.060 119.6 50.00 0.42 47.13 1.470I-5'-ETF-6 0.060 119.9 50.00 0.42 47.13 1.4051-6-ETF-1 0.075 96.1 13.32 0.14 42.86 2.035I-6-ETF-2 0.075 96.1 13.33 0.14 42.86 2.105
I-6-ETF-5 0.075 95.9 39.89 0.42 42.86 2.935
I-6-ETF-6 0.075 96.4 39.89 0.41 42.86 3.060I-6-ETF-7 0.075 96.3 40.00 0.42 42.86 2.690
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Table C9 (Cont'd)
Parameter and Test Data for I-Beams Obtained from Reference 41
Specimen t hit R/t Nit F p
tJ h Y test
No. (in. ) (ksi) (kips)
r-6-ETF-8 0.076 95.2 39.47 0.41 42.86 2.400
r-6"-ETF-l 0.047 147.3 21. 28 0.14 33.46 0.885
r-6"-ETF-2 0.046 151.6 21.74 0.14 33.46 0.845
r-6"-ETF-5 0.046 152.6 65.22 0.43 33.46 1.065
r-6"-ETF-6 0.046 152.3 65.22 0.43 33.46 1. 095
r-12'-ETF-5 0.108 49.0 27.78 0.57 45.68 4.650
r-12'-ETF-6 0.108 49.0 27.78 0.57 45.68 5.245
2b-6-ETF 0.060 64.0 24.88 0.39 30.20 1. 870
3-4-ETF 0.060 64.3 41.74 0.65 30.20 1.800
4a-6-ETF 0.061 98.2 16.42 0.17 30.20 1.600
4a-7-ETF 0.061 98.2 24.63 0.25 30.20 1.700
4b-4-ETF 0.061 98.2 41.05 0.42 30.20 1.900
6a-5-ETF 0.065 121.3 15.46 0.13 37.30 1.850
6a-6-ETF 0.065 121.3 23.18 0.19 37.30 1.920
6b-5-ETF 0.065 121.3 38.64 0.32 37.30 2.250
9a-3-ETF 0.107 34.8 9.35 0.27 35.10 5.100
9b-5-ETF 0.107 34.8 9.35 0.27 35.10 5.350
9b-6-ETF 0.107 34.8 14.02 0.40 35.10 5.950
9b-7-ETF 0.107 34.8 23.36 0.67 35.10 6.850
10a-6-ETF 0.108 52.7 9.24 0.18 35.10 5.900
10a-7-ETF 0.108 52.7 18.86 0.26 35.10 5.950
10b-5-ETF 0.108 52.7 23.11 0.44 35.10 7.750
13a-5-ETF 0.134 27.5 7.45 0.27 35.70 0.750
13a-6-ETF 0.134 27.5 11.18 0.41 35.70 8.500
13b-4-ETF 0.134 27.5 18.63 0.68 35.70 12.800
14a-6-ETF 0.148 38.2 6.77 0.18 33.10 8.900
14a-7-ETF 0.148 38.2 10.15 0.27 33.10 11. 150
14b-5-ETF 0.148 38.2 16.91 0.44 33.10 12.300
16d-3-ETF 0.046 172.3 21.74 0.13 32.20 0.880
16d-4-ETF 0.046 172.3 54.35 0.32 32.20 0.920
17d-3-ETF 0.076 103.7 13.25 0.13 35.80 2.450
17d-4-ETF 0.076 103.7 33.11 0.32 35.80 3.060
18a-3-ETF 0.123 63.9 8.13 0.13 37.60 6.800
18a-4-ETF 0.123 63.9 20.33 (}.32 37.60 7.500
Table CI0
Parameters and Test Data of I-Beams from Reference 41
Used for Combined Bending and Web Crippling
Specimen t hit Rlt Nit Nih F PY test
No. (in. ) (ksi) (kips)
I-BC-4-1 0.046 100.0 2.04 65.22 0.65 33.46 2.025
I-BC-4-2 0.046 100.0 2.04 65.22 0.65 33.46 1.940
I-BC-4-3 0.046 100.0 2.04 65.22 0.65 33.46 1. 530
I-BC-4-4 0.046 100.0 2.04 65.22 0.65 33.46 1.44$
I-BC-4-5 0.046 100.0 2.04 65.22 0.65 33.46 0.830
I-BC-4-6 0.046 100.0 2.04 65.22 0.65 33.46 0.875
I-BC-S-l 0.049 197.0 1. 91 61.22 0.31 36.88 2.590
I-BC-5-2 0.049 197.0 1. 91 61.22 0.31 36.88 2.515
I-BC-5-3 0.049 197.0 1. 91 61.22 0.31 36.88 2.505
I-BC-5-4 0.049 197.0 1. 91 61.22 0.31 36.88 2.470
I-BC-5-5 0.049 197.0 1. 91 61.22 0.31 36.88 1. 785
I-BC-5-6 0.049 197.0 1. 91 61.22 0.31 36.88 1.640
I-BC-6-1 0.049 49.0 1. 91 61.22 1. 25 36.88 1.890
I-BC-6-2 0.049 49.0 1. 91 61.22 1. 25 36.88 1. 870
I-BC-6-3 0.049 49.0 1. 91 61.22 1.25 36.88 1.405
I-BC-6-4 0.049 49.0 1.91 61.22 1. 25 36.88 1.425
I-BC-6-5 0.049 49.0 1.91 61.22 1. 25 36.88 1. 015
I-BC-6-6 0.049 49.0 1. 91 61.22 1. 25 36.88 1.035
I-BC-8-1 0.076 50.6 1. 64 39.47 0.78 43.60 6.755
I-BC-8-2 0.076 50.6 1.64 39.47 0.78 43.60 6.525
I-BC-8-3 0.076 50.6 1. 64 39.47 0.78 43.60 5.005
I-BC-8-4 0.076 50.6 1. 64 39.47 0.78 43.60 4.750
I-BC-8-5 0.076 50.6 1.64 39.47 0.78 43.60 2.545
I-BC-8-6 0.076 50.6 1.64 39.47 0.78 43.60 2.585
I-BC-9-1 0.076 99.1 1. 64 39.47 0.40 43.60 5.810
I-BC-9-2 0.076 99.1 1. 64 39.47 0.40 43.60 5.785
I-BC-9-3 0.076 99.1 1. 64 39.47 0.40 43.60 4.040
I-BC-9-4 0.076 99.1 1.64 39.47 0.40 43.60 4.200
I-BC-9-5 0.076 99.1 1. 64 39.47 0.40 43.60 2.675
I-BC-9-6 0.076 99.1 1. 64 39.47 0.40 43.60 2.490
I-BC-9'-1 0.048 150.1 1. 63 62.50 0.42 47.12 3.315
I-BC-9'-2 0.048 150.1 1. 63 62.50 0.42 47.12 2.955
I-BC-9'-3 0.048 150.1 1. 63 62.50 0.42 47.12 2.590
I-BC-9 ' -4 0.048 150.1 1.63 62.50 0.42 47.12 2.695
I-BC-9'-5 0.048 150.1 1. 63 62.50 0.42 47.12 1.630
I-BC-9'-6 0.048 150.1 1.63 62.50 0.42 47.12 1.600
I-BC-10-1 0.107 48.8 1. 02 28.04 0.57 45.68 11.500
I-BC-10-2 0.107 48.8 1. 02 28.04 0.57 45.68 12.070
I-BC-IO-3 0.107 48.8 1. 02 28.04 0.57 45.68 9.645
I-BC-IO-4 0.107 48.8 1.02 28.04 0.57 45.68 8.645
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Table C10 (Cont'd)
Parameters and Test Data of I-Beams from Reference 41
Used for Combined Bending and Web Crippling
Specimen t hit R/t Nit Nih F PjT t2~t
No. (in. ) (ksi) (kips)
I-BC-10-5 0.107 48.8 1.02 28.04 0.57 45.68 5.065
I-BC-10-6 0.107 48.8 1.02 28.04 0.57 45.68 4.895
I -BC-D-1 0.107 97.9 1.17 28.04 0.29 45.68 13.870
I-BC-13-2 0.107 97.9 1.17 28.04 0.29 45.68 13.010
I-BC-13-3 0.107 97.9 1.17 28.04 0.29 45.68 12.390
I-BC-13-4 0.107 97.9 1.17 28.04 0.29 45.68 11.620
I-BC-13-5 0.107 97.9 1.17 28.04 0.29 45.68 10.490
I-BC-13-6 0.107 97.9 1. 17 28.04 0.29 45.68 10.500
1-3-IOF-5 0.048 150.1 1. 95 62.50 0.42 47.12 3.025
I-3-IOF-6 0.048 150.1 1. 95 62.50 0.42 47.12 3.005
I-3'-IOF-1 0.046 150.0 2.04 21.74 0.14 33.46 1.810
1-3'-IOF-2 0.046 150.0 2.04 21.74 0.14 33.46 1.850
1-3'-IOF-5 0.046 150.0 2.04 65.22 0.43 33.46 2.100
1-3'-IOF-6 0.046 150.0 2.04 65.22 0.43 33.46 2.315
1-5' -IOF-5 0.060 118.8 1.56 50.00 0.42 47.13 4.155
1-5'-IOF-6 0.060 118.8 1.56 50.00 0.42 47.13 4".000
1-6-IOF-1 0.075 94.7 1.25 13.33 0.14 42.86 5.535
1-6-IOF-2 0.075 94.7 1.25 13.33 0.14 42.86 5.400
1-6-IOF-5 0.075 94.7 1.25 40.00 0.42 42.86 6.000
1-6-IOF-6 0.075 94.7 1.25 40.00 0.42 42.86 6.485
1-6-IOF-7 0.075 .. 94.7 1. 25 40.00 0.42 42.86 7.000
I-6-IOF-8 0.075 94.7 1.25 40.00 0.42 42.80 6.975
I-6"-IOF-5 0.046 150.0 2.04 65.22 0.43 33.46 2.155
I-6"-IOF-6 0.046 150.0 2.04 65.22 0.43 33.46 2.315
I-12-IOF-6 0.051 144.1 1.84 58.82 0.41 53.79 3.370
1-12' -IOF-5 0.108 48.6 1.02 27.91 0.57 45.68 12.070
I-12'-IOF-6 0.108 48.6 1.02 27.91 0.57 45.68 12.750
I-16-IOF-l 0.051 77 .2 1. 86 19.80 0.26 53.79 2.730
I-16-IOF-2 0.051 77 .2 1.86 19.80 0.26 53.79 2.838
1-16- IOF-5 0.051 77 .2 1.86 59.41 0.77 53.79 3.530
I-16-IOF-6 O. 051 77 .2 1. 86 59.41 0.77 53.79 3.900
tFig. Cl Cross Section of Single Web Specimens Used










Fig. C2 Cross Section of I-Beams Used in Reference 41
APPENDIX D
COMPARISONS OF TESTED FAILURE LOADS AND PREDICTED ULTIMATE LOADS





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.3)




SU-S-IOF-1 CHANNEL 41 1.403 1.505 0.93
SU-S-IOF-2 CHANNEL 41 1.480 1.546 0.96
SU-S-IOF-3 CHANNEL 41 1. 750 1.833 0.95
SU-S-IOF-4 CHANNEL 41 1.830 1.882 0.9i
SU-S-IOF-S CHANNEL 41 2.080 2.135 0.97
SU-S- IOF-6 CHANNEL 41 1.835 2.111 0.87
SU-6-IOF-1 CHANNEL 41 1.480 1.534 0.96
SU-6-IOF-2 CHANNEL 41 1.580 1.557 1. 01
SU-6-IOF-3 CHANNEL 41 1.890 1.S26 1. 03
SU-6-IOF-4 CHANNEL 41 1. S15 1.826 0.99
SU-6-IOF-5 CHANNEL 41 2.085 2.025 1. 03
SU-6-IOF-6 CHANNEL 41 1.890 2.127 0.89
M-SU-6-IOF-1 CHANNEL 41 1.650 1.546 1.07
M-SU-6-IOF-2 CHANNEL 41 1.643 1.534 1. 07
M-SU-6-IOF-S CHANNEL 41 2.04S 2.126 0.96
M-SU-6-IOF-6 CHANNEL 41 2.140 2.072 1. 03
U-SU-17 - IOF-S CHANNEL 41 1.500 1.689 0.89
U-SU-17-IOF-6 CHANNEL 41 I.S25 1.689 0.90
U-SU-lS-IOF-S CHANNEL 41 1.690 1.689 1. 00
U-SU-18-IOF-6 CHANNEL 41 1.465 1.689 0.87
C3-1 CHANNEL 44 1.640 1.628 1. 01
C3-2 CHANNEL 44 1.665 1.628 1. 02
C3-3 CHANNEL 44 1.690 1.628 1. 04
C3-4 CHANNEL 44 1.600 1.628 0.98
C3-5 CHANNEL 44 1.685 1.691 1. 00
C3-6 CHANNEL 44 1.670 1.628 1. 03
C3-7 CHANNEL 44 1.600 1.628 0.98
C3-S CHANNEL 44 1.620 1.628 0.99
C3-9 CHANNEL 44 1.535 1.597 0.96
C3-10 CHANNEL 44 1.520 1.628 0.93
C3-11 CHANNEL 44 0.970 1.051 0.92
C3-12 CHANNEL 44 0.950 1.051 0.90
C3-13 CHANNEL 44 1.200 1. 074 1. 12
C3-14 CHANNEL 44 1.150 1.074 1. 07
C3-15 cHANNEL 44 1.565 1.583 0.99
C3-16 CHANNEL 44 1.505 1. 553 0.97
1-HIOF-All HAT 1.425 1.512 0.94
1-HIOF-A12 HAT 1.400 1.512 0.93
I-HIOF-A21 HAT 1.465 1.488 0.98
I-HIOF-A22 HAT 1.465 1.488 0.98
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Table Dl (Cont'd)
Comparisons of Tested Failure Loads and Predicted Ultimate Loads


















































































































































































































Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.4)
Specimen Type of Reference P Pcb P /Ptest test cb
No. Section (kips) (kips)
SU-1-IOF-l CHANNEL 41 1.260 1.186 1. 06
SU-1-IOF-2 CHANNEL 41 1.175 1.151 1. 02
SU-1-IOF-S CHANNEL 41 1.450 1. 719 0.84
SU-1-IOF-6 CHANNEL 41 1.385 1. 676 0.83
SU-2-IOF-l CHANNEL 41 1.145 1.069 1. 07
SU-2-IOF-2 CHANNEL 41 1.305 1.131 1.15
SU-2-IOF-S CHANNEL 41 1.385 1. 361 1.02
SU-2-IOF-6 CHANNEL 41 1.455 1.436 1. 01
C3-17 CHANNEL 44 1.835 1. 987 0.92
C3-18 CHANNEL 44 1.800 1.949 0.92
C3-19 CHANNEL 44 1.825 1. 789 1. 02
C3-20 CHANNEL 44 1. 770 1. 789 0.99
3-HIOF-All HAT 4.290 4.105 1. 04
3-HIOF-A12 HAT 4.300 4.108 1.05
3-HIOF-A21 HAT 4.290 4.099 1. 05
3-HIOF-A22 HAT 4.265 4.102 1. 04
3-HIOF-A31 HAT 4.325 4.103 1.05
3-HIOF-A32 HAT 4.350 4.098 1.06
4-HIOF-All HAT 2.720 2.370 1. 15
4-HIOF-A12 HAT 2.600 2.373 1.10
4-HIOF-A21 HAT 2.725 2.375 1. 15
4-HIOF-A22 HAT 2.740 2.379 1. 15
4-HIOF-A31 HAT 2.700 2.359 1.14
4-HIOF-A32 HAT 2.630 2.359 1.12
4-HIOF-A13 HAT 2.490 2.343 1. 06
4-HIOF-A14 HAT 2.475 2.343 1. 06
4-HIOF-A23 HAT 2.625 2.394 1.10
4-HIOF-A24 HAT 2.665 2.395 1.11
4-HIOF-A33 HAT 2.575 2.349 1.10








2.535 2.255 1. 12
S-HIOF-A31 HAT











Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.4)
Specimen Type of Reference p . Pcb p.. " .... /p ... ktest ,"""","<oJ,," '---
No. Section (kips) (kips)
3-HIOF-B11 HAT 4.150 4.693 0.88
3-HIOF-B12 HAT 4.188 4.693 0.89
3-HIOF-D21 HAT 4.375 5.024 0.87
J-HIOF-D22 HAT 4.325 5.024 0.86
3-HIOF-C21 HAT 4.175 4.858 0.86
3-HIOF-C22 HAT 4.150 4.858 0.85
3-HIOF-B21 HAT 4.100 4.693 0.87
3-HIOF-B22 HAT 4.063 4.693 0.87
3-HIOF-D31 HAT 4.500 5.024 0.90
3-HIOF-D32 HAT 4.400 5.024 0.88
3-HIOF-C:n HAT 4.188 4.858 0.86
3-HIOF-C32 HAT 4.200 4.858 0.86
3-HIOF-B31 HAT 4.087 4.693 0.87
3-HIOF-B32 HAT 4.250 4.693 0.91
S-HIOF-D11 HAT 2.450 2.516 0.97
S-HIOF-D12 HAT 2.500 2.516 0.99
5-HIOF-Cll HAT 2.475 2.433 1. 02
S-HIOF-C12 HAT 2.400 2.433 0.99
S-HIOF-Bll HAT 2.587 2.350 1.10
5-HIOF-B12 HAT 2.600 2.350 1.11
S-HIOF-D21 HAT 2.587 2.516 1. 03
5-HIOF-D22 HAT 2.500 2.516 0.99
S-HIOF-C21 HAT 2.537 2.433 1.04
S-HIOF-C22 HAT 2.613 2.433 1. 07
S-HIOF-B21 HAT 2.537 2.350 1. 08
S-HIOF-B22 HAT 2.600 2.350 1.11
5-HIOF-D31 HAT 2.688 2.516 1. 07
S-HIOF-D32 HAT 2.712 2.516 1. 08
5-HIOF-C31 HAT 2.675 2.433 1.10
5-HIOF-C32 HAT 2.650 2.433 1. 09
5-HIOF-B31 HAT 2.762 2.350 1.18
S-HIOF-B32 HAT 2.700 2.350 1.15




Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.5)
Specimen Type of Reference P P P IPtest cy test cy
No. Section (kips) (kips)
SU-I-EOF-l CHANNEL 41 0.575 0.431 1.34
SU-I-EOF-2 CHANNEL 41 0.505 0.447 1. 13
SU-2-EOF-1 CHANNEL 41 0.495 0.464 1. 07
SU-2-EOF-2 CHANNEL 41 0.505 0.44i 1. 13
SU-4-EOF-1 CHANNEL 41 0.898 0.827 1. 09
SU-4-EOF-2 CHANNEL 41 0.905 0.891 1.02
SU-4-EOF-3 CHANNEL 41 1.038 0.980 1. 06
SU-4-EOF-4 CHANNEL 41 1.000 0.961 1. 04
SU-4-EOF-5 CHANNEL 41 1.125 1.176 0.96
SU-4-EOF-6 CHANNEL 41 1.105 1.109 1.00
SU-5-EOF-1 CHANNEL 41 0.880 0.779 1. 13
SU-5-EOF-2 CHANNEL 41 0.838 0.854 0.98
SU-5-EOF-3 CHANNEL 41 0.990 0.979 1. 01
SU-5-EOF-4 CHANNEL 41 0.970 0.888 1. 09
SU-6-EOF-1 CHANNEL 41 0.888 0.827 1. 07
SU-6-EOF-2 CHANNEL 41 0.875 0.758 1. 15
SU-6-EOF-4 CHANNEL 41 0.935 0.851 1. 10
M-SU-4-EOF-1 CHANNEL 41 0.875 0.807 1. 08
M-SU-4-EOF-2 CHANNEL 41 0.873 0.808 1. 08
M-SU-4-EOF-5 CHANNEL 41 1.483 1.163 1. 28
M-SU-4-EOF-6 CHANNEL 41 1.406 1.084 1. 30
H-SU-6-EOF-1 CHANNEL 41 0.850 0.783 1. 09
~! - SU-6-EOF- 2 CHANNEL 41 0.869 0.799 1. 09
U-SU-17-EOF-1 CHANNEL 41 0.628 0.821 0.76
U-SU-17-EOF-2 cHANNEL 41 0.598 0.821 0.73
U-SU-17-EOF-5 CHANNEL 41 0.898 1.149 0.78
U-SU-17-EOF-6 CHANNEL 41 0.835 1.127 0.74
C2-3 cHANNEL 44 0.845 0.918 0.92
C2-4 CHANNEL 44 0.803 0.936 0.86
C2-5 cHANNEL 44 0.945 0.900 1. OS
C2-6 CHANNEL 44 0.925 0.918 1. 01
C2-7 CHANNEL 44 0.983
0.918 1. 07
C2-8 CHANNEL 44 1. 013
0.936 1. 08
C2-9 CHANNEL 44









CHANNEL 44 1.035 0.965 1.07C2-16 1.143 0.965 1.18
C2-17 cHANNEL 44
Table 03 (Cont'd)
Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.S)
Specimen Type of Reference P P P IPtest cy test cy
No. Section (kips) (kips)
C2-18 CHANNEL 44 1.140 0.965 1.18
C2-19 CHANNEL 44 1.063 0.942 1. 13
C2-20 CHANNEL 44 1.055 0.965 1. 09
I-HEOF-All HAT 0.719 0.642 1.12
1-HEOF-A12 HAT 0.700 0.642 1. 09
I-HEOF-A21 HAT 0.694 0.642 1. 08
1-HEOF-A22 HAT 0.688 0.642 1. 07
l-HEOF-A31 HAT 0.669 0.642 1. 04
1-HEOF-A32 HAT 0.643 0.642 1. 00
2-HEOF-All HAT 2.919 2.607 1.12
2-HEOF-AI2 HAT 2.981 2.960 1. 01
2-HEOF-A2l HAT 2.994 2.776 1. 08
2-HEOF-A22 HAT 3.125 3.147 0.99
2-HEOF-A31 HAT 2.713 2.776 0.98
2-HEOF-A32 HAT 2.825 2.960 0.95
3-HEOF-All HAT 2.050 2.087 0.98
3-HEOF-A12 HAT 2.106 2.087 1.01
3-HEOF-A21 HAT 2.006 2.087 0.96
3-HEOF-A22 HAT 2.075 2.087 0.99
3-HEOF-A31 HAT 1.894 2.087 0.91





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.6)
Specimen Type of Reference P P_,- P____ /P_,-test ... u ,-'W";»"'" ... U
No. Section (kips) (kips)
SU-1-EOF-5 CHANNEL 41 0.650 0.568 1. 14
SU-1-EOF-6 CHANNEL 41 0.620 0.592 1. 05
SU-2-EOF-5 CHANNEL 41 0.560 0.562 1.00
SU-2-EOF-6 CHANNEL 41 0.560 0.537 1. 04
SU-5-EOF-5 CHANNEL 41 1.006 1.103 0.91
SU-5-EOF-6 . CHANNEL· 41 1.068 1.073 1. 00
SU-6-EOF-3 CHANNEL 41 0.903 0.933 0.97
SU-6-EOF-5 CHANNEL 41 1.045 1.043 1. 00
SU-6-EOF-6 CHANNEL 41 1.119 1.043 1.07
M-SU-6-EOF-5 CHANNEL 41 1.175 1.045 1. 12
M-SU-6-EOF-6 CHANNEL 41 1.180 1.108 1. 06
U-SU-18-EOF-1 CHANNEL 41 0.472 0.548 0.86
U-SU-18-EOF-2 CHANNEL 41 0.428 0.561 0.76
U-SU-18-EOF-5 CHANNEL 41 0.568 0.637 0.89
U-SU-18-EOF-6 CHANNEL 41 0.545 0.587 0.93
4-HEOF-All HAT 1. 313 1.340 0.98
4-HEOF-A12 HAT 1.300 1. 314 0.99
4-HEOF-A21 HAT 1. 219 1.192 1. 02
4-HEOF-A22 HAT 1.125 1. 190 0.95
4-HEOF-A31 HAT 1.088 1.068 1.02
4-HEOF-A32 HAT 1.063 1.068 1. 00
5-HEOF-All HAT 1. 295 1.259 1. 03
5-HEOF-A12 HAT 1.285 1. 255
1. 02














Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.7)
Specimen Type of Reference P Pcb P 'Ptest test l cb
No. Section (kips) (kips)
SU-1-ITF-1 CHANNEL 41 0.770 0.829 0.93
SU-1-ITF-2 CHANNEL 41 0.785 0.813 0.97
SU-1-ITF-5 CHANNEL 41 0.795 0.962 0.83
SU-1-ITF-6 CHANNEL 41 0.820 0.922 0.89
SU-2-ITF-1 CHANNEL 41 0.610 0.753 0.81
SU-2-ITF-2 CHANNEL 41 0.610 0.739 0.83
SU-2-ITF-5 CHANNEL 41 0.630 0.860 0.73
SU-2-ITF-6 CHANNEL 41 0.595 0.827 0.72
SU-5-ITF-1 CHANNEL 41 1.508 1.492 1. 01
SU-5-ITF-2 CHANNEL 41 1.530 1.517 1. 01
SU-5-ITF-3 CHANNEL 41 1.550 1. 717 0.90
SU-S-ITF-4 CHANNEL 41 1. 710 1.692 1. 01
SU-S-ITF-S CHANNEL 41 1.620 1. 687 0.96
SU-S-ITF-6 CHANNEL 41 1.610 1.706 0.94
SU-6-ITF-1 CHANNEL 41 1.46S 1.102 1. 33
SU-6-ITF-2 CHANNEL 41 1.233 1.103 1.12
SU-6-ITF-3 CHANNEL 41 1.225 1.246 0.98
SU-6-ITF-4 CHANNEL 41 1.280 1.209 1.06
SU-6-ITF-S CHANNEL 41 1. 330 1.342 0.99
SU-6-ITF-6 CHANNEL 41 1.250 1.249 1. 00
U-SU-19-ITF-S CHANNEL 41 0.750 1. 018 0.74
U-SU-19-ITF-6 CHANNEL 41 0.745 1.004 0.74
A-3 CHANNEL 44 0.870 0.868 1. 00
A-4 CHANNEL 44 0.860 0.848 1. 01
A-S CHANNEL 44 1.53S 1.420 1. 08
A-6 CHANNEL 44 1.510 1.424 1. 06
A-21 CHANNEL 44 0.775 0.806 0.96
A-22 CHANNEL 44 0.7S0 0.788 0.95A-23 CHANNEL 44 1.490 1.369 1. 09A-24 CHANNEL 44 1.570 1.336 1.18A-25 CHANNEL 44 1.990 1.186 0.91A-26 CHANNEL 44 2.00S 2.135 0.94Cl-3 CHANNEL 44 1.300 1.082 0.92Cl-4 CHANNEL 44 1.150 1.081 1. 06Cl-S CHANNEL 44 1.670 1.816 0.92CI-6 CHANNEL 44 1.860 1.819 1.02Cl-13 CHANNEL 44 0.710 0.745 0.95C1-14 CHANNEL 44 0.74S 0.743 1.003-HITF-All HAT 5.050 5.381 0.943-HITF-AI2 HAT 5.150 5.440 0.95
Table D5 (Cont'd)
Comparisons of Tested Failure Loads and Predicted Ultimate Loads









3-HITF-A21 HAT 4.850 5.199 0.93
3-HITF-A22 HAT 4.800 5.199 0.92
3-HITF-A31 HAT 4.800 4.909 0.98
3-HITF-A32 HAT 4.700 4.909 0.90
S-HITF-All HAT 2.950 2.524 1. 17
S-HITF-A12 HAT 3.000 2.524 1. 19
5-HITF-A21 HAT 2.775 2.411 1. 15
5-HITF-A22 HAT 2.750 2.396 1. 15
5-HITF-A31 HAT 2.625 2.189 1. 20




Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.8)
Specimen Type of Reference P Pcb P IPtest test cb
No. Section (kips) (kips)
SU-I-ETF-1 CHANNEL 41 0.320 0.329 0.97
SU-1-ETF-2 CHANNEL 41 0.310 0.351 0.88
SU-1-ETF-5 CHANNEL 41 0.380 0.400 0.95
SU-I-ETF-6 CHANNEL 41 0.355 0.412 0.86
SU-2-ETF-1 CHANNEL 41 0.280 0.259 1. 08
SU-2-ETF-2 CHANNEL 41 0.280 0.302 0.93
SU-2-ETF-5 CHANNEL 41 0.315 0.280 1.13
SU-2-ETF-6 CHANNEL 41 0.290 0.327 0.89
SU-4-ETF-1 CHANNEL 41 0.685 0.654 1. 05
SU-4-ETF-2 CHANNEL 41 0.668 0.702 0.95
SU-4-ETF-3 CHANNEL 41 0.745 0.754 0.99
SU-4-ETF-4 CHANNEL 41 0.750 0.756 0.99
SU-4-ETF-5 CHANNEL 41 0.765 0.787 0.97
SU-4-ETF-6 CHANNEL 41 0.775 0.787 0.98
SU-5-ETF-1 CHANNEL 41 0.600 0.606 0.99
SU-5-ETF-2 CHANNEL 41 0.615 0.613 1. 00
SU-5-ETF-3 CHANNEL 41 0.615 0.659 0.93
SU-S-ETF-4 CHANNEL 41 0.625 0.642 0.97
SU-5-ETF-S CHANNEL 41 0.685 0.718 0.9S




Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.8)
Specimen Type of Reference P Pcb P IPt~st test cb
No. Sect:ion (kips) (kips)
A-27 CHANNEL 44 0.425 0.421 1.01
A-28 CHANNEL 44 0.415 0.412 1. 01
A-29 CHANNEL 44 0.470 0.475 0.99
A-30 CHANNEL 44 0.450 0.474 0.95
A-31 CHANNEL 44 0.525 0.537 0.98
A-32 CHANNEL 44 0.500 0.525 0.95
A-33 CHANNEL 44 0.505 0.577 0.88
A-34 CHANNEL 44 0.555 0.577 0.96
A-35 CHANNEL 44 0.565 0.613 0.92
A-36 CHANNEL 44 0.580 0.614 0.95
l-HETF-All HAT 0.725 0.775 0.94
l-HETF-AI2 HAT 0.713 0.770 0.93
1-HETF-A21 HAT 0.725 0.676 1.07
l-HETF-A22 HAT 0.725 0.673 1.08
l-HETF-A31 HAT 0.650 0.603 1.08
1-HETF-A32 HAT 0.662 0.603 1. 10
2-HETF-All HAT 2.825 3.043 0.93
2-HETF-AI2 HAT 2.787 3.043 0.92
2-HETF-A21 HAT 2.700 2.717 0.99
2-HETF-A22 HAT 2.650 2.717 0.98
2-HETF-A31 HAT 2.425 2.489 0.97
2-HETF-A32 HAT 2.400 2.493 0.96
3-HETF-All HAT 1.525 1. 578 0.97
3-HETF-AI2 HAT 1.600 1.573 1.02
3-HETF-A21 HAT 1.413 1.396 1.01
3-HETF-A22 HAT 1.487 1.399
1.06






















Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.10)
Specimen Type of Reference P Pcb P jPtest test cb
No. Section (kips) (kips)
I-I-IOF-l I-BEAM 41 2.385 2.221 1. 07
I-I-IOF-2 I-BEAM 41 2.490 2.218 1.12
I-I-IOF-5 I-BEAM 41 2.910 2.744 1. 06
1-1-IOF-6 I-BEAM 41 2.850 2.747 1. 04
I-2-IOF-1 I-BEAM 41 2.420 2.211 1. 09
I-2-IOF-2 I-BEAM 41 2.470 2.307 1. 07
I-2-IOF-5 I-BEAM 41 2.860 2.584 1.11
I-2-IOF-6 I-BEAM 41 2.950 2.755 1. 07
I-3-IOF-1 I-BEAM 41 2.505 2.484 1. 01
I-3-IOF-2 I-BEAM 41 2.450 2.590 0.95
I-12-IOF-l I-BEAM 41 2.645 2.640 1. 00
I-12-IOF-2 I-BEAM 41 2.660 2.749 0.97
1-12-IOF-S I-BEAM 41 3.365 3.417 0.98
I-U-18-IOF-S I -BEA1'1 41 2.730 2.904 0.94
I-U-18-IOF-6 I-BEAM 41 2.565 2.906 0.88
1-lIOF-All I -BE"AM 2.450 2.886 0.85
1-lIOF-A12 I-BEAM 2.400 2.886 0.83
1- lIOF-A21 I-BEAM 2.625 2.886 0.91
1-lIOF-A22 I-BEAM 2.450 2.886 0.85
l-IIOF-A31 I-BEAM 2.325 2.886 0.81
l-IIOF-A32 I-BEAM 2.350 2.886 0.81
2- lIOF-A11 I-BEAM 8.750 9.172 0.95





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.11)
Specimen Type of Reference P Pcb P IPtest test cb
No. Section (kips) (kips)
I-1-EOF-1 I-BEAM 41 1.840 2.017 0.91
I-1-EOF-2 I-BEAM 41 1.770 1.966 0.90
I-1-EOF-5 I-BEAM 41 2.175 2.115 1.03
I-1-EOF-6 I-BEAM 41 2.210 2.011 1.10
I-2-EOF-1 I-BEAM 41 1. 730 2.035 0.85
I-2-EOF-2 I-BEAM 41 1.650 1.985 0.83
I-2-EOF-5 I-BEAM 41 2.305 2.205 LOS
I-2-EOF-6 I-BEAM 41 2.375 2.315 1.03
I-3-EOF-1 I-BEAM 41 2.355 2.311 1.02
I-3-EOF-2 I-BEAM 41 2.470 2.407 1.03
I-3-EOF-5 I-BEAM 41 2.990 2.546 1.17
I-3-EOF-6 I-BEAM 41 2.750 2.496 1.10
I-3'-EOF-1 I-BEAM 41 1.890 2.044 0.92
I-3'-EOF-2 I-BEAM 41 1.690 2.036 0.83
I-3'-EOF-S I-BEAM 41 2.390 2.255 1.06
I-3'-EOF-6 I-BEAM 41 2.440 2.249 1.09
I-S'-EOF-S I-BEAM 41 4.120 3.718 1.11
I-5'-EOF-6 I-BEAM 41 4.470 3.717 1.20
I-6-EOF-1 I-BEAM 41 5.200 5.415 0.96
I-6-EOF-2 I-BEAM 41 5.385 5.444 0.9'9
I-6-EOF-S I-BEAM 41 5.630 5.845 0.96
I-6-EOF-6 I-BEAM 41 5.315 5.865 0.91
I-6-EOF-7 I-BEAM 41 5.635 6.197
0.91
I-6"-EOF-1 I-BEAM 41 1.780 2.045
0.87
I-6"-EOF-2 I-BEAM 41 1.920
2.082 0.92
I-6"-EOF-S I-BEAM 41 2.540
2.242 1.13
I-6"-EOF-6 I-BEAM 41 2.350
2.256 1.04











2.505 2.4.36 1. 03
I-12-EOF-5 I-BEAM 41
2.960 2.717 1. 09
I-12-EOF-6 I-BEAM 41












Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.11)
280
Specimen Type of Reference p Pcb P IPtest test cb
No. Section (kips) (kips)
I-U-17-EOF-6 I-BEAM 41 2.230 2.553 0.87
I-U-18-EOF-5 I-BEAM 41 2.040 2.337 0.87
I-U-18-EOF-6 I-BEAM 41 2.285 2.392 0.96
I-IEOF-All I-BEAM 2.830 2.637 1. 07
l-IEOF-A12 I-BEAM / 2.750 2.651 1.04
1-IEOF-A21 I-BEAM 2.630 2.553 1. 03
I-IEOF-A22 I-BEAM 2.675 2.546 1. as
I-IEOF-A31 I-BEAM 2.750 2.532 1.09
I-IEOF-A32 I-BEAM 2.695 2.540 1. 06
2-IEOF-All I-BEAM 8.017 7.730 1. 04
2-IEOF-A12 I-BEAM 8.100 7.749 1. 05
2-IEOF-A21 I-BEAM 7.850 7.474 1. 05
2-IEOF-A22 I-BEAM 7.600 7.458 1.02
2-IEOF-A3I I-BEAM 7.625 7.382 1. 03
2-IEOF-A32 I-BEAM 7.775 7.379 1. 05
3-IEOF-All I-BEAM 4.395 4.467 0.98
3-IEOF-A12 I-BEAM 4.370 4.425 0.99
3-IEOF-A21 I-BEAM 4.250 4.273 0.99
3-IEOF-A22 I-BEAM 4.125 4.257 0.97
3-IEOF-A31 I-BEAM 4.125 4.231 0.98
3-IEOF-A32 I-BEAM 4.000 4.232 0.95
5-IEOF-All I-BEAM 2.217 2.422 0.92
5-IEOF-A12 I-BEAM 2.175 2.416 0.905-IEOF-A21 I-BEAM 2.200 2.343 0.94





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.12)
Specimen Type of Reference P Pcb PPtest test/ cb
No. Section (kips) (kips)
I-1-ITF-1 I-BEAM 41 1.625 1.677 0.97
I-1-ITF-2 I-BEAM 41 1.665 1.767 0.93
I-1-ITF-5 I-BEAM 41 1. 875 1. 801 1.04
I-1-ITF-6 I-BEAM 41 1. 920 1.881 1. O~
I-2-ITF-1 I-BEAM 41 1.490 1. 771 0.84
I-2-ITF-2 I-BEAM 41 1.520 1. 735 0.88
I-2-ITF-S I-BEAM 41 1.715 1.760 0.96
I-2-ITF-6 I-BEAM 41 1.690 1.856 0.91
I-3-ITF-l I-BEAM 41 1.915 1.968 0.97
I-3-ITF-2 I-BEAM 41 2.080 1. 967 1. 06
1-3-ITF-S I-BEAM 41 2.375 2.460 0.97
I-3-ITF-6 I-BEAM 41 2.205 2.361 0.93
I-3-ITF-1* I-BEAM 41 2.090 1.890 1.11
I-3-ITF-2* I-BEAM 41 2.170 1. 967 1. 10
I-3-ITF-5* I-BEAM 41 2.205 2.408 0.92
I-3-ITF-6* I-BEAM 41 2.335 2.359 0.99
I-S'-ITF-S I-BEAM 41 3.775 3.696 1. 02
I-S'-ITF-6 I-BEAM 41 4.270 3.755 1. 14
1-6-ITF-1 I-BEAM 41 4.480 4.428 1. 01
I-6-ITF-2 I-BEAM 41 4.570 4.440 1. 03
I-6-ITF-S I-BEAM 41 4.975 5.588 0.89
1-6-ITF-6 I-BEAM 41 5.300 5.572 0.95
I-6-ITF-7 I-BEAM 41 5.956 5.705 1. 04
I-6-ITF-8 I-BEAM 41 6.195 5.691 1. 09
1-6"-IIT-2 I-BEAM 41 1. 958 1.700 1. 15
1-6"-ITF-5 I-BEAM 41 2.380 2.131 1. 12








I-BEAM 2.150 2.174 0.951- IITF-A32 17.000 15.937 1. 07
2-IIIT-A21 I-BEAM 16.500 15.937 1. 04
2-IITF-A22 I-BEAM 11.850 11.809 1. 00
2-IITF-A31 I-BEAM 12.125 11. 809 1. 03
2-IIIT-A32 I-BEAM 14.125 12.841 1. 10
3-IIIT-All I-BEAM 14.050 12. 743 1. 10
3-IIIT-AI2 I-BEAM 7.188 7.416 0.97
3-IIIT-A21 I-BEAM 7.300 7.416 0.98




Comparisons of Tested Failure Loads and Predicted Ultimate Loads









3-IITF-A32 I-BEAM 5.500 5.227 1. 05
5-IITF-All I-BEAM 5.025 5.252 0.96
5-IITF-A12 I-BEAM 4.975 5.208 0.96
5- IITF-A21 I-BEAM 3.000 :2.813 1. 07
5-IITF-A22 I-BEAM 2.975 2.813 1. 06
5-IITF-A31 I-BEAM 2.025 2.178 0.93





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.13)
Specimen Type of Reference P Pcb P /Ptest test cb
No. Section (kips) (kips)
I-1-ETF-1 I-BEAM 41 0.705 0.723 0.98
I-1-ETF-2 I-BEAM 41 0.690 0.753 0.92
I-1-ETF-S I-BEAM 41 0.850 0.878 0.97
I-1-ETF-6 I-BEAM 41 0.935 0.876 1. 07
I-2-ETF-1 I-BEAM 41 0.645 0.685 0.94
I-2-ETF-2 I-BEAM 41 0.665 0.656 1.01
I-2-ETF-5 I-BEAM 41 0.770 0.783 0.98
I-2-ETF-6 I-BEAM 41 0.690 0.736 0.94
I-3-ETF-1 I-BEAM 41 0.805 0.915 0.88
I-3-ETF-2 I-BEAM 41 0.850 0.894 0.95
I-3-ETF-S I-BEAM 41 1.120 1.146 0.98
I-3-ETF-6 I-BEAM 41 1.035 1.093 0.95
I-3-ETF-1* I-BEAM 41 0.820 0.91.5 0.90
I-3-ETF-2* I-BEAM 41 0.810 0.914 0.89
I-3-ETF-S* I-BEAM 41 1.005 1.093 0.92
I-3-ETF-6* I-BEAM 41 0.960 1.147 0.84
I-S'-ETF-S I-BEAM 41 1.470 1. 756 0.84
I-5'-ETF-6 I-BEAM 41 1.405 1.753 0.80
I-6-ETF-1 I-BEAM 41 2.035 2.294 0.89
I-6-ETF-2 I-BEAM 41 2.105 2.289 0.92
I-6-ETF-S I-BEAM 41 2.935 2.892 1. 02
I-6-ETF-6 I-BEAM 41 3.060 2.884 1. 06
I-6-ETF-7 I-BEAM 41 2.690 2.873 0.94
I-6-ETF-8 I-BEAM 41 2.400 2.954 0.81
I-6"-ETF-1 I-BEAM 41 0.885 0.808
1.09
I-6"-ETF-Z I-BEAM 41 0.845 0.766
1. 10
I-6"-ETF-S I-BEAM 41 1.065 0.968
1. 10
r-6"-ETF-6 I-BEAM 41 1.095
0.969 1.13




1.600 1.532 1. 04
4a-6-ETF I-BEAM 41 1. 700 1.634 1. 04
4a-7-ETF I-BEAM 41 r.900 1.892 1. 00
4b-4-ETF I-BEAM 41
I-BEAM 41 1.850 1.604
1. 15
6a-S-ETF 1.920 1.677 1. 15I-BEAM 416a-6-ETF 2.250 1.861 1. 21I-BEAM 416b-S-ETF 5.100 5.360 0.95I-BEAM 419a-3-ETF 5.350 5.360 1. 00I-BEAM 419b-S-ETF 5.950 6.030 0.99I-BEAM 419b-6-ETF 6.850 7.723 0.89
I-BEAM 419b-7-ETF 41 5.900 5.095 1.16
10a-6-ETF I-BEAM 5.950 5.457 1.09




Comparisons of Tested Failure Loads and Predicted Ultimate Loads


















































































































































































































Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.21)
Specimen Type of Reference P P P jP
No.
test mc test Tot:
Section (kips) (kips'
SU-BC-1-1 CHANNEL 41 2.280 2.181 1.05
SU-BC-1-2 CHANNEL 41 2.260 2.180 1.04
SU-BC-1-3 CHANNEL 41 1. 720 1.653 1.04
SU-BC-1-4 CHANNEL 41 1.780 1. 671 1. 06
SU-BC-1-5 CHANNEL 41 1.220 1.172 1.04
SU-BC-1-6 CHANNEL 41 1.060 1.117 0.95
SU-BC-3-1 CHANNEL 41 2.400 2.919 0.82
SU-BC-3-2 CHANNEL 41 2.670 2.915 0.92
SU-BC-3-3 CHANNEL 41 2.210 2.548 0.87
SU-BC-3-4 CHANNEL 41 2.340 2.551 0.92
SU-BC-3-5 CHANNEL 41 1.850 2.137 0.87
SU-BC-3-6 CHANNEL 41 2.040 2.213 0.92
SU-BC-15-1 CHANNEL 41 4.180 4.446 0.94
SU-BC-15-2 CHANNEL 41 4.150 4.618 0.90
SU-BC-15-3 CHANNEL 41 3.680 3.692 1. 00
SU-BC-15-4 CHANNEL 41 3.600 3.595 1.00
SU-BC-15-5 CHANNEL 41 3.000 2.951 1.02
SU-BC-15-6 CHANNEL 41 3.000 3.028 0.99
SU-4-IOF-1 CHANNEL 41 3.052 3.116 0.98
SU-4-IOF-2 CHANNEL 41 3.050 3.159 0.97
SU-4-IOF-3 CHANNEL 41 3.540 3.623 0.98
SU-4-IOF-4 CHANNEL 41 3.550 3.633 0.98
SU-4-IOF-5 CHANNEL 41 4.170 4.065 1. 03
SU-4-IOF-6 CHANNEL 41 3.970 4.026
0.99
M~SU-4-IOF-1 CHANNEL 41 3.210 3.141
1.02
M-SU-4-IOF-2 CHANNEL 41 3.260
3.175 1. 03
~1-SU-4- IOF-5 CHANNEL 41 4.400
4.115 1. 07
M-SU-4-IOF-6 CHANNEL 41 4.150
4.042 1.03
SU-BC-6-1 CHANNEL 41 1.760
1.444 1.22
SU-BC-6-2 CHANNEL 41
1.680 1.449 1. 16
SU-BC-6-3 CHANNEL 41




Z.700 1.595 1. 04
SU-BC-16-3 CHANNEL 41




2.000 1. 768 1.13
SU-BC-7-2 CHANNEL 41
1.880 1. 712 1.10
SU-BC-7-3 CHANNEL







Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.21)
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Specimen Type of Reference P P P IPtest mc test mc
No. Section (kips) (kips)
SU-BC-8-2 CHANNEL 41 2.940 2.930 1. 00
SU-BC-8-3 CHANNEL 41 2.620 2.493 1. 05
SU-BC-8-4 CHANNEL 41 2.600 2.497 1. 04
SU-BC-8'-1 CHANNEL 41 4.410 3.957 1.11
SU-BC-8'-2 CHANNEL 41 4.730 3.945 1. 20
SU-BC-8'-3 CHANNEL 41 3.180 3.059 1. 04





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.22)
Specimen Type of Reference P P Pt~~t/P!!!~test rn~
No. Section (kips) (kips}
SU-BC-l-1 CHANNEL 41 2.280 2.224 1.02
SU-BC-1-2 CHANNEL 41 2.260 2.222 1.02
SU-BC-I-3 CHANNEL 41 1.720 1.682 1. 02
SU-BC-I-4 CHANNEL 41 1.780 1. 701 1. 05
SU-BC-1-S CHANNEL 41 1.220 1.119 1.09
SU-BC-1-6 CHANNEL 41 1.060 1.072 0.99
SU-BC-3-1 CHANNEL 41 2.400 2.960 0.81
SU-BC-3-2 CHANNEL 41 2.670 2.956 0.90
SU-BC-3-3 CHANNEL 41 2.210 2.626 0.84
SU-BC-3-4 CHANNEL 41 2.340 2.629 0.89
SU-BC-3-5 CHANNEL 41 1.850 2.192 0.84
SU-BC-3-6 CHANNEL 41 2.040 2.271 0.90
SU-BC-15-! CHANNEL 41 4.180 4.409 0.95
SU-BC-lS-2 CHANNEL 41 4.150 4.574 0.91
SU-BC-1S-3 CHANNEL 41 3.680 3.804 0.97
SU-BC-15-4 CHANNEL 41 3.600 3.675 0.98
SU-BC-1S-5 CHANNEL 41 3.000 2.984 1.01
SU-BC-1S-6 CHANNEL 41 3.000 3.071 0.98
SU-4-IOF-1 CHANNEL 41 3.052 2.956 1.03
SU-4-IOF-2 CHANNEL 41 3.0S0 3.001 1.02
SU-4-IOF-3 CHANNEL 41 3.540 3.504 1. 01
SU-4-IOF-4 CHANNEL 41 3.550 3.521 1. 01
SU-4-IOF-5 CHANNEL 41 4.170 3.965
1. 05
SU-4-IOF-6 CHANNEL 41 3.970
3.962 1.00
M-SU-4-IOF-1 CHANNEL 41 3.210
2.945 1.09
M-SU-4-IOF-2 CHANNEL 41 3.260
2.978 1.10
M-SU-4-IOF-5 CHANNEL 41 4.400
4.007 1.10









2.880 2.637 1. 09
SU-BC-16-2 CHANNEL 41
Z.700 2.574 1. 05
SU-BC-16-3 CHANNEL 41







SU-BC-7-2 1.400 1.396 1.00







Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.22)
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Specimen Type of Reference P P P IPtest me test mc
No. Section (kips) (kips)
SU-BC-8-2 CHANNEL 41 2.940 2.993 0.98
SU-BC-8-3 CHANNEL 41 2.620 2.521 1. 04
SU-BC-8-4 CHANNEL 41 2.600 2.523 1. 03
SU-BC-S'-l CHANNEL 41 4.410 3.870 1.14
SU-BC-8'-Z CHANNEL 41 4.730 3.868 1. 22
SU-BC-8'-3 CHANNEL 41 3.180 2.853 1.11





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.23)
Specimen Type of Reference P P Por ...u·/?mrt~~1: 11I("
No. Section (kips) (kips)
SU-BC-l-l CHANNEL 41 2.280 2.235 1.02
SU-BC-I-2 CHANNEL 41 2.260 2.233 1. 01
SU-BC-I-3 CHANNEL 41 1.720 1.705 1. 01
SU-BC-I-4 CHANNEL 41 1.760 1. 725 1. 03
SU-BC-l-S CHANNEL 41 1.220 1. 217 1. 00
SU-BC-I-6 CHANNEL 41 1.060 1.171 0.90
SU-BC-3-1 CHANNEL 41 2.400 3.212 0.75
SU-BC-3-2 CHANNEL 41 2.670 3.207 0.63
SU-BC-3-3 CHANNEL 41 2.210 2.860 0.77
SU-BC-3-4 CHANNEL 41 2.340 2.865 0.62
SU-BC-3-S CHANNEL 41 1.850 2.453 0.75
SU-BC-3-6 CHANNEL 41 2.040 2.532 0.61
SU-BC-lS-l CHANNEL 41 4.180 4.739 0.68
SU-BC-lS -2 CHANNEL 41 4.150 4.912 0.85
SU-BC-lS-3 CHANNEL 41 3.680 4.020 0.92
SU-BC-lS-4 CHANNEL 41 3.600 3.895 0.92
SU-BC-lS-5 CHANNEL 41 3.000 3.251 0.92
SU-BC-lS-6 CHANNEL 41 3.000 3.352 0.89
SU-4-IOF-l CHANNEL 41 3.052 3.195
0.95
SU-4-IOF-2 CHANNEL 41 3.050 3.239
0.94
SU-4-IOF-3 CHANNEL 41 3.540
3.717 0.95
SU-4-rOF-4 CHANNEL 41 3.550
3.7:9 0.95
SU-4-IOF-5 CHANNEL 41 4.170
4.140 1. 01
SU-4-IOF-6 CHANNEL 41 3.970
4.132 0.96
M-SU-4-rOF-l CHANNEL 41
3.210 3.193 1. 01
M-SU-4-IOF-2 CHANNEL 41
3.260 3.222 1. 01
M-SU-4-IOF-5 CHANNEL 41
4.400 4.187 1. OS
M-SU-4-IOF-6 cHANNEL 41
4.150 4.113 1. 01
SU-BC-6-l CHANNEL 41
1.760 1.500 1. 17
SU-BC-6-2 CHANNEL 41
1.680 1.505 1. 12
SU-BC-6-3 CHANNEL 41
1.130 1.126 1. GO
SU-BC-16-1 CHANNEL 41
2.680 2.756 1. 05
CHANNEL 41
2.700 2.686 l.OI
SU-BC-16-2 2.010 2.027 0.99
SU-BC-16-3 CHANNEL 41
CHANNEL 41
2.210 2.190 1. 01
SU-BC-16-4 2.000 1.824 1. 10
SU-BC-7-1 cHANNEL
41












Comparisons of Tested Failure Loads and Predicted Ultimate Loads









SU-BC-8-2 CHANNEL 41 2.940 3.087 0.95
SU-BC-8-3 CHANNEL 41 2.620 2.647 0.99
SU-BC-8-4 CHANNEL 41 2.600 2.649 0.98
SU-BC-8'-1 CHANNEL 41 4.410 4.102 1. 07
SU-BC-8'-2 CHANNEL 41 4.730 4.093 1.16
SU-BC-8'-3 CHANNEL 41 3.180 3.183 1. 00





Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.24)
Specimen Type of Reference P P P IPtest me test me
No. Section (kips) (kips)
I-BC-4-1 I-BEAM 41 4.050 3.664 1.10
I-BC-4-2 I-BEAM 41 3.880 3.664 1.06
I-BC-4-3 I-BEAM 41 3.060 2.593 1. 18
I-BC-4-4 I-BEAM 41 2.890 2.592 1.11
I-BC-4-S I-BEAM 41 1.660 1.546 1.07
I-BC-4-6 I-BEAM 41 1. 750 1.546 1.13
I-BC-S-l I-BEAM 41 5.180 6.329 0.82
I-BC-S-2 I-BEAM 41 5.030 6.331 0.79
I-BC-5-3 I-BEAM 41 5.010 5.091 0.98
I-BC-5-4 I-BEAM 41 4.940 5.090 0.97
I-BC-S-5 I-BEAM 41 3.570 3.758 0.95
I-BC-S-6 I-BEAM 41 3.280 3.758 0.87
I-BC-6-1 I-BEAM 41 3.780 2.946 1.26
I-BC-6-2 I-BEAM 41 3.740 2.949 1. 27
I-BC-6-3 I-BEAM 41 2.810 2.333
1. 20
I-BC-6-4 I-BEAM 41 2.850 2.333
1. 22
I-BC-6-5 I-BEAM 41 2.030 1. 711
1. 19
I-BC-6-6 I-BEAM 41 2.070
1. 710 1. 21
I-BC-8-1 I-BEAM 41 13.510
9.648 1.40
I-BC-8-2 I-BEAM 41 13.050
9.644 1. 35
I-BC-8-3 I-BEAM 41 10.010
7.145 1.40
I-BC-8-4 I-BEMI 41
9.500 7.141 1. 33
I-BC-8-5 I-BEAM 41
5.090 4.102 1. 24
5.170 4.103 1. 26
I-BC-8-6 I-BEAM 41 11. 620 11. 371 1. 02
I-BC-9-l I-BEAM 41
I-BEAM 41 11. 570
11.375 1. 02
I-BC-9-2 8.080 8.071 1. 00
I-BC-9-3 I-BEAM 41 8.400 8.074 1.04
I-BC-9-4 I-BEAM 41 5.350 5.809 0.92
I-BC-9-S I-BEAM 41 4.980 5.812 0.86
I-BC-9-6 I-BEAM 41 6.630 6.946 0.95
I-BC-9'-1 I-BEAM 41 5.910 6.945 0.85
I-BC-9'-2 I-BEAM 4141 5.180 5.264 0.98
I-BC-9'-3 I -BEA~i 5.390 5.312 1. 0241
I-BC-9 "-4 I-BEMi 3.260 3.264 1. 0041
I-BC-9'-S I-BEAM 41 3.200 3.265
0.98
I-BC-9'-6 I-BEAM 41 23.000 18.740
1. 23
I-BC-I0-1 I-BEAM 41 24.140 18.734
1. 29
I-BC-I0-2 I-BEAM 41 19.290 13.655
1.41




Comparisons of Tested Failure Loads and Predicted Ultimate Loads













































































































































































































Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.25 )
Specimen Type of Reference P P P 'Ptest mc test l mc
No. Section (kips) (kips)
I-BC-4-1 I-BEAM 41 4.050 3.701 1. 09
I-BC-4-2 I-BEAM 41 3.880 3.701 1. 05
I-BC-4-3 I-BEAM 41 3.060 2.699 1. 13
I-BC-4-4 I-BEAM 41 2.890 2.699 1. 07
I-BC-4-5 I-BEAM 41 1.660 1. 593 1. 04
I-BC-4-6 I-BEAM 41 1. 750 1. 592 1.10
I-BC-5-1 I-BEAM 41 5.180 5.927 0.87
I-BC-5-2 I-BEAM 41 5.030 5.926 0.85
I-BC-5-3 I-BEAM 41 5.010 5.035 1. 00
I-BC-5-4 I-BEAM 41 4.940 5.036 0.98
I -BC-5-5 I-BEAM 41 3.570 3.880 0.92
I-BC-5-6 I-BEAM 41 3.280 3.880 0.85
I-BC-6-1 I-BEAM 41 3.780 3.073 1. 23
I-BC-6-2 I-BEAM 41 3.740 3.074 1. 22
I-BC-6-3 I-BEAM 41 2.810 2.426 1. 16
I-BC-6-4 I-BEAM 41 2.850 2.426 1. 18
I-BC-6-S I-BEAM 41 2.030 1.752 1. 16
I-BC-6-6 I-BEAM 41 2.070 1.752
1. 18
I-BC-8-l I-BEAM 41 13.510 9.922
1. 36
I-BC-8-2 I-BEAM 41 13.050
9.919 1. 32
I-BC-8-3 I-BEAM 41 10.010
7.449 1. 34
I-BC-8-4 I-BEAM 41 9.500
i.4"8 1. 28
I-BC-B-5 I-BEAM 41 5.090
4.192 1. 21
I-BC-B-6 I-BEAM 41
5.170 4.193 1. 23
I-BEAM 41 11. 620 11.464
1. 01
I-BC-9-1 11. 570 11. 464 1. 01
I-BC-9-2 I-BEAM 41
I -BEMI 41 8.080
8.:330 0.97
I-BC-9-3 8.400 8.396 1. 00I-BEAM 41I-BC-9-4 5.350 6.046 0.88
I-BC-9-S I-BEAM 41 4.980 6.046 0.82
I-BC-9-6 I-BEAM 41 6.630 6.718 0.99
I-BC-9'-1 I-BEAM 41 5.910 6.717 0.88
I-BC-9'-2 I-BEAM 41 3.180 5.:361 0.97
I-BC-9'-3 I -BEMI 4141- 5.390 5.390 1. 00I-BC-9'-4 I-BEAM 3.260 3.407 0.9641
I-BC-9'-5 I-BEAM 3.200 3.406 0.9441
I-BC-9'-6 I-BEAM 23.000 19.227 1. 2041
I -BC-10-1 I-BEAM 24.140 19.231 1. 2641
I-BC-I0-2 I-BEAM 19.290 14.248 1. 3541




Comparisons of Tested Failure Loads and Predic~ed Ultimate Loads












































































































































































































Comparisons of Tested Failure Loads and Predicted Ultimate Loads
for the Test Data Used in the Development of Eq. (6.26)
Specimen Type of Reference P P P /Ptest me test me
No. Section (kips) (kips)
I-BC-4-1 I-BEAM 41 4.050 4.271 0.95
I-BC-4-2 I-BEAM 41 3.880 4.271 0.91
I-BC-4-3 I-BEAM 41 3.060 3.108 0.99
I-BC-4-4 I-BEAM 41 2.890 3.108 0.93
I-BC-4-5 I-BEAM 41 1.660 1.905 0.87
I-BC-4-6 I-BEAM 41 1. 750 1.905 0.92
I-BC-5-1 I-BEMI 41 5.180 7.452 0.69
I-BC-5-2 I-BEAM 41 5.030 7.452 0.68
I-BC-5-3 I-BEAM 41 5.010 6.298 0.80
I-BC-5-4 I-BEAM 41 4.940 6.298 0.78
I -BC-5-5 I-BEAM 41 3.570 4.918 0.73
I-BC-S-6 I-BEAM 41 3.280 4.918 0.67
I-BC-6-1 I-BEAM 41 3.780 3.550 1.06
I-BC-6-2 I-BEAM 41 3.740 3.550 1. 05
I-BC-6-3 I-BEAM 41 2.810 2.848 0.99
I-BC-6-4 I-BEAM 41 2.850 2.848 1. 00
I-BC-6-S I-BEAM 41 2.030 2.116
0.96
I-BC-6-6 I-BEAM 41 2.070 2.116
0.98
I-BC-S-1 I-BEAM 41 13.510
11.391 1. 19
I-BC-S-2 I-BEAM 41 1:3.050
11.391 1. 15
I-BC-S-3 I-BEAM 41 10.010
8.617 1. 16
I-BC-8-4 I-BEAM 41 9.500
8.617 1. 10
I-BC-8-S I-BEAM 41 S.090
5.0.82 1. 00
5.170 5.082 1. 02
I-BC-8-6 I-BEAM 41 11.620 12.837 0.90
I-BC-9-1 I-BEAM 41
I-BEAM 41 11. 570
12.837 0.90
I-BC-9-2 8.080 9.266 0.8741I-BC-9-3 I-BEAM 8.400 9.266 0.91
I-BC-9-4 I-BEAM 41 5.350 6.806 0.79
I-BC-9-s I-BEAM 41 4.980 6.806 0.73
I-BC-9-6 I-BEAM 41 6.630 8.264 0.80
I-BC-9'-1 I-BEAM 41 5.910 8.264 0.71
I-BEAM 41I-BC-9'-2 5.180 6.564 0.79
I-BC-9'-3 I-BEAM 41 6.564 0.8241 5.390
I-BC-9'-4 I-BEAM 3.260 4.316 0.7541
I-BC-9'-S I-BEAM 3.200 4.316 0.7441
I-BC-9'-6 I-BEAM 41 23.000 22.088
1. 04
I-BC-I0-1 I-BEAM 41 24.140 22.088
1. 09
I-BC-1O-2 I-BEAM 41 19.290 16.471
1. 17




Comparisons of Tested Failure Loads and Predicted Ultimate Loads











































































































































































































EFFECTS OF IMPORTANT PARAMETERS ON THE ACCURACY OF THE
PREDICTED ULTIMATE WEB CRIPPLING LOADS BASED ON
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EFFECT OF HIT ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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EFFECT OF HIT ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO END ONE-FlANGE LOADING BASED ON
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EFFECT OF HIT ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON
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EFFECT OF HjT ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO END TWO-FLANGE LOADING BASED ON
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EFFECT OF H/T ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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EFFECT OF HIT ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO END ONE-FLANGE LOADING BASED ON
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EFFECT OF H/T ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON
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EFFECT OF H/T ON THE RATIO PTEST!PCOMP FOR I-BEAMS
SUBJECTED TO END TWO-FLANGE LOADING BASED ON
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0.5 0.6 0.7 O.B
FIG. E1.2
EFFECT OF N/H ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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0.0 0.1 0.2 0.3 0.4
NIH
0.5 0.6 0.7 0.8
FIG. E2.2
EFFECT OF NIH ON THE RATIO PTESTIPCOMP FOR HAT SECTIONS
SUBJECTED TO END ONE-FLANGE LOADING BASED ON
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0.0 0.2 0.3 0.4
NIH
0.5 0.6 0.7 0.8
FIG. E3.2
EFFECT OF N/H ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON
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0.0 O. 1 0.2 0.3 0.4
NIH
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FIG. E4.2
EFFECT Or NIH ON THE RATIO PTESTIPCOMP FOR HAT SECTIONS
SUBJECTED TO END TWO-F1.ANGE LOADING BASED ON
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0.0 O. 1 0.2 0.3 0.4
NIH
0.5 0.6 0.7 0.8
FIG. E5.2
EFFECT OF N/H ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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FIG. E6.2
EFFECT Of N/H ON THE RATIO PTEST/PCOMP fOR I-BEAMS
SUBJECTED TO END ONE-FLANGE LOADING BASED ON
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FIG. E7.2
EFFECT OF NIH ON THE RATIO PTESTIPCOMP FOR I-BEAMS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON
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FIC. E8.2
EFFECT OF NIH ON THE RATIO PTEST/peOMP fOR I-BEAMS
SUBJECTED TO END TWO-FLANGE LOADING BASED ON
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EFFECT OF E/H ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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EFFECT OF E/H ON THE RATIO PTEST/PCOUP FOR HAT SECTIONS
SUBJECTED TO END ONE-FLANGE LOADING BASED ON
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EFFECT Of E/H ON THE RATIO PTEST/PCOMP fOR HAT SECTIONS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON
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EFFECT OF E/H ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTEOT(j .END 'TWO-FtANGE LOADING BASED ON
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EFFECT OF E/H ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO END ONE-FLANGE LOADING BASED ON
































EFFECT OF E/H ON THE RATIO PTEST/PCOMP fOR I-BEAMS
SUBJECTED TO INTERIOR TWO-flANGE LOADING BASED ON
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0.0 0.5 1 .0 1.5 2.0
E/H
2.5 3.0 3.5 4.0
FIG. E8.3
EFFECT OF E/H ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO END TWO-FLANGE LOADING BASED ON
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FIG. E1.4
EFFECT OF NIT ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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o 10 20 30 40
NIT
so 60 70 80
FIG. E2.4
EFFECT OF NIT ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO END ONE-FLANGE LOADING BASED ON
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NIT
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FIG. E3.4
EFFECT OF NIT ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON































o 10 20 30 40
NIT
50 60 70 80
FIG. E5.4
EFFECT OF N/T ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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o 10 20 30 40
NIT
50 60 70 80
FIG. E7.4
EFFECT OF NIT ON THE RATIO PTEST/PCOMP FOR I-BEAMS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON


















· .;.: ..:: · :j
1.0 ------------~----~1t-~~------~-----------------------------.-;-~-~--~---­









EFFECT OF R/T ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR ONE-FLANGE LOADING BASED ON
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EFFECT OF R/T ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO END ONE-FLANGE LOADING BASED ON



































EFFECT OF R/T ON THE RATIO PTEST/PCOMP FOR HAT SECTIONS
SUBJECTED TO INTERIOR TWO-FLANGE LOADING BASED ON
THE PROPOSED DESIGN RECOMMENDATIONS
APPENDIX F
CO~WUTER PROGRAMS USED IN THE PREDICTIONS OF






THIS PROGRAM PREDICTS THE ULTIMATE LOADS FOR INLAND TEST DATA
BASED ON THE PROPOSED DESIGNRECmmENDATIONS *
c*************~~*********************~~**********************************
COMMON/DlMEN/B1,B2,D1,D2,R,T,FY,FU
DHfENSION PC(lOO) ,P!'t(lOO) ,PMC(lOO) ,PTEST(lOO) ,RATIO(lOO) , P!'tS(lOO) ,
/PS(lOO),PBW(100),PCB(lOO),PMM(lOO)
C NN = TOTAL NUMBER OF TEST DATA












C CALCULATE FLEXURAL YIELD MOMENT
CALL HY1







C FOR RAM LOAD - MO!'fENT=1/6*(P*L)
PM(I)=6.*XM/SPAN
C COMPARE FLEXURAL MOMENT TO MOMENT IN WEB
IF (PM(I).GT.PBW(I)) PM(I)=PBW(I)





C IF(AAA.LT .. 005) GO TO 4000
C ASSUMP=ASSUMP+O.l*ASSUMP*(l.-AA)
C GO TO 3000
C4000 PNC(I)=ASSUMP
c3000 AA=(ASSUMP /PBW (I) )+1. 045~'" (ASSUMPfPC (I) ).
c AAA=ABS(1.-1.341/AA)
c IF(AAA.LT .. 005) GO TO 4000
c ASSUMP=ASSUMP+0.2*ASSUMP*(1.341-AA)


















































































































C SHEAR IN WEB
SFY=.577*FY
HTLIM=237.*SQRT(5.34/FY)
IF (HT.GT.HTLIM) GO TO 10
FVU=110.*SQRT(5.34*FY)/HT
CFVU=FVU










C SHEAR IN WEB
40 PS=4.*H*T*FVU
PSl=4.*H*T*FVU1
C BENDING IN WEB
PBW=FBWU*XI*6./(YCG-T)/SPAN
PBW1=FBWU1*XI*6./(YCG-T)/SPAN

























THIS PROGRAM PREDICTS THE ULTI~~TE LOADS FOR FORD TEST DATA
BASED ON THE PROPOSED DESIGN RECOMMENDATIONS
334
COID10N/DHfEN/B1 ,B2 ,D1 ,R,T,FYF ,FYW
DIMENSION PC(lOO) ,P~1(l00) ,P~1C(l00) ,PTEST(lOO) ,RATIO(lOO) ,PMS(lOO),
IPS (l00) ,PBW(lOO) ,PCB (l00) ,PID1 (l00)
C NN = TOTAL NUMBER OF TEST DATA












C CALCULATE FLEXURAL YIELD ~1OMENT
CALL MY1 (UM)





C FOR RAM LOAD - Mm1ENT=1/ 6* (P'':L)
PM(I)=6.*XM/SPAN
C COMBINED MO~fENT AND WEB CRIPPLING
PMC(I)=1.42*PM(I)*PC(I)/(PC(I)+1.10*PM(I))
c ASSUMP=PTEST CI)
C3000 AA=(ASSm1p/PBWCI) )**2. 073+(ASSUMPfPC CI) )*'':1.504
C AAA=ABS(l.-AA)
C IF(AAA.LT .. 005) GO TO 4000
C ASSUMP=ASSUMP+0.1*ASSUMP*C1.-AA)




c IF(AAA.LT .. 005) GO TO 4000
c ASSUMP=ASSUMP+0.2*ASSUMP*Cl.341-AA)


























70 WRITE (6,1004) I, PM( I) ,PC (I), PMH(I) ,PCB (I) ,PHS (I) PTEST(I) RATIO (1)
































C SHEAR IN WEB
SFY= .577~\-FYW
HTLIM=237.*SQRT(5.34/FYW)













C SHEAR IN WEB
40 PS=4.*H*T*FVU
PS1=4.*H*T*FVU1
C COMBINE BENDING AND SHEAR
PMU=6. *m1jSPAN
PMS=SQRT((PMU*PS)**2./CPMU**2.+PS**2.))



















COMPARISONS OF THE PREDICTED ULTIMATE WEB CRIPPLING LOADS BASED ON




THIS PROGRAM COMPARES THE ULTIMATE WEB CRIPPLING LOAD BASED ON
THE PROPOSED METHOD AND THE MODIFIED AISI 1986 SPECIFICATION
338
C NOTE: THE MODIFIED AISI 1986 SPECIFICATION IS BASED ON THE MODIFIED





C NTYPE : 1 = STIFFENED FLANGE - SINGLE WEBS
C 2 = UNSTIFFENED FLANGE - SINGLE WEBS
C 3 = I-BEAMS
C F = YIELD STRENGTH, KSI
C T =THICKNESS, IN.
C R = INSIDE BEND RADIUS, IN.
C BR = BEARING LENGTH OF THE CONSIDERED LOAD OR REACTION, IN.
C E = CLOSER CLEAR DISTANCE BETWEEN THE ADJACENT OPPOSITE BEARING
C PLATES (E = 0.0 FOR OVERLAPPING BEARING PLATES)





1) NTYPE (1, 2, OR 3)
4) H (D-2*T) 5) R
2) FY 3)" THICKNESS
6) BR (BEARING LENGTH)
READ(5,*) NTYPE,F,T,H,R,BR






IF (NTYPE.EQ.3) GO TO 20
IF (NTYPE.EQ.2) GO TO 10
WRITE (6,1001)
1001 FORMAT«( SINGLE WEBS WITH STIFFENED FLANGES' ,I)
GO TO 30
10 WRITE (6,1002)
1002 FORMAT(' SINGLE WEBS WITH UNSTIFFENED FLANGES' ,I)
GO TO 30
20 WRITE (6,1003)
1003 FORMAT(' I-BEAJIS' ,I)
30 WRITE (6,1004)F,T,TH,TR,TN,HN
1004 FORMAT(' FY = ',F5.1,' KSI' ,I' T = ',F4.3, I IN.' ,I' HIT = ',F5.1
1,/' RIT = ',F3.1,/' NIT = ',F4.1,I' NIH = I,F5.1,/)
Ck********~~************A*AA***************************m~*********
C INPUT 1) E/H 2) Z/H
50 READ(5,*) HE, HZ
WRITE(6,1011)HE,HZ































































210 CALL SPEC1 (PS)
GO TO 300






230 CALL SPEC3 (PS)
300 RATIO = PS/PP
WRITE(6,1012)PS,PP,RAT10
, , , '1 'II' PPROPOSE -- ',F"1, .3,' KIPS' ,II1012 FORMAT( PSPEC = ,F7.3, K PS, ,





COMf-fON/PARA/TH, THl, TN, TR ,HN ,HE ,HZ ,NTYPE




2001 FORMAT(/,' PCYI = ',F7.3,' KIPS PCBl = t ,F7.3,' KIPS')
P1 = PEl
IF(Pl.GT.PE2) P1 = PE2
WRITE(6,2002)Pl
2002 FORMAT(/, , PCl = ',F7.3,' KIPS')
GO TO 200
100 CALL EQB (PEB)
P1 = PEB
WRITE(6,2003)PEB
2003 FORMAT(/,' PCY1 = DOES NOT APPLY PCB1 = ',F7.3,' KIPS')
WRITE(6,2004)Pl










2005 FORMAT(/,' PCY2 = ',F7.3,' KIPS PCB2 = ';F7.3,' KIPS')
P2 = PE3
IF(P2.GT.PE4) P2 = PE4
WRITE(6,2006)P2
2006 FORMAT(/,' PC2 = ',F7.3,' KIPS')
GO TO 200
100 CALL EQ9 (PE9)
CALL EQ10 (PEIO)
WRITE(6,2007)PE9,PEIO
2007 FOIDfATC/,' PCY2 = t ,F7 . 3,' KIPS PCB2 = ',F7. 3,' KIPS')
P2 = PE9
IF(P2.GT.PEIO) P2 = PE10
WRITE(6,200B)P2








P3 = (HZ/O.5)*P2 + C(O.5-HZ)/0.5)*Pl
WRITEC6,2009)P3











2010 FORMATC/,' PCY4 = DOES NOT APPLY PCB4 = ',F7.3,' KIPS')
WRITEC6 ,2011 )P4
2011 FORMAT(/,' PC4 = ',F7.3,' KIPS')
GO TO 200
100 CALL EQll (PEIl)
P4 = PEll
WRITEC6,2012)PEll
2012 FORMATC/,' PCY4 = DOES NOT APPLY PCB4 = I ,F7.3,' KIPS')
WRITEC6,2013)P4










2014 FORMATC/,' PCY5 = I ,F7.3,' KIPS PCBS = ',F7.3,' KIPS')
P5 =PE6
IFCPS.GT.PE7) PS = PE7
WRlTEC6,201S)PS
2015 FORMATC/,' PC5 = ',F7.3,' KIPS')
GO TO 200
100 CALL EQ12 (PE12)
CALL EQ13 (PE13)
WRITEC6,2016)PE12,PE13
" PCBS = ',F7. 3,' KIPS')2016 FO~fAT(/,' PCYS = ,F7.3, KIPS
P5 = PE12
IF(PS.GT.PE13) PS = PE13
WRITEC6,2017)P5










P6 = (HZ/O.S)*PS + «0.S-HZ)/0.S)*P4
WRITE(6,20l8)P6







P7 = (HE/O.S)*Pl + «0.5-HE)/0.5)*P4
WRITE(6,20l9)P7







PB = (HE/0.S)*P2 + «0.S-HE)/0.5)*PS
WRITE(6,2020)PB







COMMON/ PARA/TH ,TH1,TN ,TR ,HN , HE , HZ ,NTYPE
CALL CASE3 (P3)
CALL CASE6 (P6)
P9 = (HE/0.S)*P3 + «0.S-HE)/0.S)*P6
WRITE(6,202l)P9






































IF (FTH.GT.0.81) FTH = 0.81
FHE = 1.-.120*HE
IF (FHE.LT.0.40) FRE = 0.40
FHN = 1.+2.40*HN
























IF (FTH.LT.0.44) FTH = 0.44
FHZ =1.+4.547*HZ







FHN = 1. +. 729~':HN








IF (FTH.GT.0.82) FTH = 0.82
FHE = 1. -. 233*HE















IF (FTH.GT.0.948) FTH = 0.948
FHN = 1.+1.318*HN


























IF (FTH.LT.0.46) FTH = 0.46
FHN = 1.+4.0*HN**3.
FHZ = 1.+.109*HZ







IF (NTYPE.EQ.3) GO TO 200
FTN = 1. + . 01'\"TN
FFY = (1.33-.33*F/33.)*(F/33.)
IF (F.GT.66.5) FFY = 1.340
FTR = 1.I5-.I5*TR
IF (FTR.LT.O.S) FTR =0.5




100 FTH = 117.-.I5*TH1











COMMON/PARA/TH, TH1 ,TN, TR,HN ,HE ,HZ ,NTYPE
IF (NTYPE.EQ.3) GO TO 100
FTH = 291.-.40*THI
FTN = 1.+ .007*TN
IF (TN.GT.60.) FTN =0.75+.011*TN
FFY = (1.22-.22*F/33.)*(F/33.)
IF (F.GT.91.5) FFY = 1.69136
FTR = 1.06-.06*TR
IF (FTR.LT.O.S) FTR =0.5
PS2 = 1.85*T**2.*FFY*FTR*FTH*FTN
GO TO 200
100 FFY = 1.49-0.53*F/33.











IF (NTYPE.EQ.3) GO TO 100
FTH = 132.-.31*TH1
FTN = 1.+ .01*TN
FFY = (1.33-.33*F/33.)*(F/33.)
IF (F.GT.66.5) FFY = 1.340
FTR = 1.15-.15*TR
IF (FTR.LT.0.5) FTR = 0.5
PS3 = 1.85*T**2.*FFY*FTR*FTH*FTN
GO TO 200









IF (NTYPE.EQ.3) GO TO 100
FTH = 417.-1.22*TH1
FTN = 1.+ .0013*TN
FFY = (1.22-.22*F/33.)*(F/33.)
IF (F.GT.91.5) FFY = 1.69136
FTR = 1.06-.06*TR
IF (FTR.LT.0.5) FTR = 0.5
PS4 = 1.85*~~*2.*FFY*FTR*FTH*FTN
GO TO 200
100 FTH = 33./F









1 50.0 0.05 6.0 0.075 2.0
1.50 0.00
OUTPUT DATA
SINGLE WEBS WITH STIFFENED FLANGES
FY = 50.0 KSI
T = .050 IN.
H/T = 120.0
R/T = 1. 5
N/T =40.0
N/H = 0.3
FOR E/H = 1.5 AND Z/H = 0.0 (See Fig. Gla)
347
PCY1 = 1.159 KIPS
PCl = 1.115 KIPS
CASE NO. = 1
PSPEC = 1.057 KIPS
PPROPOSE = 1.115 KIPS
PSPEC/PPROPOSE = 0.948
PCBl = 1.115 KIPS
EXMIPLE 2
INPUT DATA
1 80.0 0.05 6.0 0.075 2.0
1.50 0.00
OUTPUT DATA
SINGLE WEBS WITH STIFFENED FLANGES
FY = 80.0 KSI





FOR E/H = 1.5 AND Z/H = 0.0 (See Fig. Gla)
348
PCY1 = 1.855 KIPS
PCl = 1.115 KIPS
CASE NO. = 1
PSPEC = 1.127 KIPS
PPROPOSE = 1.115 KIPS
PSPEC/PPROPOSE = 1.010
PCB1 = 1.115 KIPS
EXMiPLE 3
INPUT DATA




FY = 50.0 KSI





FOR E/H = 1.5 AND Z/H = 0.0 (See Fig. G1a)
349
PCY1 = DOES NOT APPLY
PCl = 2.496 KIPS
CASE NO. = 1
PSPEC = 2.597 KIPS
PPROPOSE = 2.496 KIPS
PSPEC/PPROPOSE = 1.040








FY = 80.0 KSI





FOR E/H = 1.5 AND Z/H = 0.0 (See Fig. G1a)
PCY1 = DOES NOT APPLY
PC1 = 2.496 KIPS
CASE NO. = 1
PSPEC = 4.154 KIPS
PPROPOSE = 2.496 KIPS
PSPEC/PPROPOSE = 1.664
PCB1 = 2.496 KIPS
NOTE: The large difference between these two methods is due to web




1 50.0 0.05 6.0 0.075 2.0
1.50 1.50
OUTPUT DATA
SINGLE WEBS WITH STIFFENED FLANGES
FY = 50.0 KSI





FOR EIH = 1.5 AND Z/H > 1.5 (See Fig. Glb)
351
peY2 = 2.031 KIPS
PC2 = 2.031 KIPS
CASE NO. = 2
PSPEC = 1.884 KIPS
PPROPOSE = 2.031 KIPS
PSPEC/PPROPOSE = 0.928
PCB2 = 2.409 KIPS
EXA~IPLE 6
INPUT DATA
1 80.0 0.05 6.0 0.075 2.0
1.50 1.50
OUTPUT DATA
SINGLE WEBS WITH STIFFENED FLANGES
FY = 80.0 KSI
T = .050 IN.
H/T = 120.0
R/T = 1. 5
N/T = 40.0
N/H = 0.3
FOR E/H = 1.5 AND Z/H > 1.5 (See Fig. G1b)
352
PCY2 = 3.249 KIPS
PC2 = 2.409 KIPS
CASE NO. = 2
PSPEC = 2.334 KIPS
PPROPOSE = 2.409 KIPS
PSPEC/PPROPOSE = 0.969
PCB2 = 2.409 KIPS
EXANPLE 7
INPUT DATA




FY = 50.0 KSI





FOR E/H = 1.5 AND Z/H > 1.5 (See Fig. G1b)
353
PCY2 = 4.448 KIPS
PC2 = 3.198 KIPS
CASE NO. = 2
PSPEC = 2.936 KIPS
PPROPOSE = 3.198 KIPS
PSPEC/PPROPOSE =0.918








FY = 80.0 KSI





FOR EjH = 1.5 AND ZjH > 1.5 (See Fig. G1b)
PCY2 = 7.117 KIPS
PC2 = 3.198 KIPS
CASE NO. = 2
PSPEC = 4.103 KIPS
PPROPOSE = 3.198 KIPS.
PSPECjPPROPOSE = 1.283
PCB2 = 3.198 KIPS
NOTE: The reason for the large difference between both metods is the
same as that discussed for Example 4.
EXMIPLE 9
INPUT DATA
I 50.0 0.075 5.85 0.101 3.0
1.50 0.00
OUTPUT DATA
SINGLE WEBS WITH STIFFENED FLANGES
FY = 50.0 KSI





FOR E/H = 1.5 AND Z/H = 0.0 (See Fig. G1a)
355
PCYI = 2.765 KIPS
PCI = 2.765 KIPS
CASE NO. = I
PSPEC = 2.677 KIPS
PPROPOSE = 2.765 KIPS
PSPEC/PPROPOSE = 0.968
PCBl = 3.139 KIPS
NOTE: This example is selected from the 1983 Edition of the AlSI Gold-




1 50.0 0.075 5.85 0.101 3.0
1.50 1.50
OUTPUT DATA
SINGLE w~BS WITH STIFFENED FLANGES
FY = 50.0 KSI





FOR E/H = 1.5 AND Z/H > 1.5 (See Fig. G1b)
PCY2 = 4.634 KIPS PCB2 = 6.005 KIPS
PC2 = 4.634 KIPS
CASE NO. = 2
PSPEC = 4.571 KIPS
PPROPOSE = 4.634 KIPS
PSPEC/PPROPOSE = 0.986
NOTE: This example is selected from the 1983 Edition of the AISI Cold-




1 50.0 0.075 3.85 0.09375 2.0
12.3 0.00
OUTPUT DATA
SINGLE WEBS WITH STIFFENED FLANGES
FY = 50.0 KSI





FOR EIH = 12.3 AND Z/H ~ 0.0 (See Fig. G1c)
PCY1 = 2.551 KIPS
PC1 = 2.551 KIPS
CASE NO. = 1
PSPEC = 2.599 KIPS
PPROPOSE = 2.551 KIPS
PSPEC/PPROPOSE = 1.019
PCB1 = 3.327 KIPS
NOTE: This example is selected from the 1983 Edition of the AISI Cold-


















Fig. Gl Loading Conditions Used in the Examples
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Flexural rigidity of plate, Et3/12(1-~2)
Clear distance between edges of the adjacent opposite bearing
plates, in.
Modulus of elasticity of steel = 29,500 ksi
Actual compression stress at junction of flange and web, ksi
Actual bearing stress in the web under the bearing plate, ksi
Maximum compression stress in the flat web of a beam due to
bending, ksi
Yield strength, ksi
Clear distance between flanges measured along the plane of
the web, in.
k Buckling coefficient
L Span length, in.
M Applied bending moment, at or immediately adjacent to the
point of application of the concentrated load or reaction,
kip-in.
M Ultimate bending moment if bending stress only exists ,kip-in.
u
N Actual length of bearing, in.
P Concentrated load or reaction, kips
P Governing ultimate web crippling load, kips
c
Pcb Ultimate web crippling load due to web buckling, kips
360
P Predicted ultimate load, kips
comp
P Elastic critical buckling load, kips
cr
P Ultimate web crippling load due to overstressing under
cy
the bearing plate, kips
P Computed ultimate load for moment only, kips
m
P Computed load for combined bending moment and web crippling,
mc
kips
P Computed load for combined bending moment and shear, kips
ms
P Computed ultimate load for shear in the web, kips
s
P Tested failure load, kips
test
P Computed ultimate web crippling load based on the AISI 1981
cg
Guide, kips
P Computed ultimate web crippling load based on the AISI 1980
cs
Specification, kips
R Inside bend radius, in.
Effective section modulus computed on the basis of the
effective design width of the compression flange, jn. 3
t
Z
Base steel thickness, in.
Distance between the edge of the bearing plate to the near end
of the beam, in.
Zl Distance between the edge of the bearing plate to the far end
of the beam, in.
~ Poisson's ratio
o Angle between the plane of web and the plane of bearing
surface, degrees.
